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Winner  of  the  1993  Bower  Award  in  Science 


Isabella  Karle  Honored 


The  Franklin  Institute  announced  on  November  17  at  a 
ceremony  in  Washin^on  that  Dr.  Isabella  Lugoski  Karle  is  the 
1 993  recipient  of  the  Bower  Award  for  Science,  which  consists 
of  a  gold  medal  and  $250,000.  Or.  Karle  is  the  first  women  to 
receive  the  prestigious  annual  award  of  the  Franklin  Institute 
which  was  founded  in  1834  to  pronrrate  scientific  inquiry  and 
achievement.  The  award  will  be  presented  April  7, 1994. 

Dr.  Karle,  who  is  a  senior  scientist  specializing  in  crystal¬ 
lography  at  the  Naval  Research  Laboratory,  is  honored  for  her 
pioneering  work  in  developing  electron  and  X-ray  diffraction 
techniques  that  make  immediate  determination  of  the  three-di¬ 
mensional  structure  of  molecules  possible.  Her  inventive  work 
bridged  the  gap  between  the  theoretical  formulas  for  crystal 
structure  determination  and  the  practical  methodology  re¬ 


quired  to  achieve  useful  applications.  This  has  facilitated 
research  in  chemistry,  biolo^,  and  medicine.  Dr.  Karle’s  own 
studies  have  included  crystallographic  analyses  of  photorear¬ 
rangement  products,  ionophores,  peptides,  toxins,  antitoxins, 
cardioactive  substances  and  natural  analgesics. 

A  native  oi  Detroit,  Michigan,  Dr.  Karle  won  a  scholarship 
to  the  University  of  Mtchig^  where  she  earned  B.S.,  M.S.  and 
Ph.D  degrees  with  a  specialty  in  physical  chemistry.  While  at 
Michigan,  she  married  Dr.  Jerome  Karle;  and  they  both  came 
to  NFU.  in  1946.  Dr.  Jerome  Karle  is  Chief  Scientist  of  the 
Laboratory  for  the  Structure  of  Matter  at  NRL.  His  work  in 
crystal  structure  analysis  was  recognized  by  the  1985  Nobel 
Prize  in  Chemistry.  Dr.  Isabella  Karle  often  collaborates  with 
her  husband  on  research  projects. 
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Remailcs  At 

The  Bower  Award  Reception 
For  Isabella  Karle 

Navy  Museum,  Washington  Navy  Yard 
November  18, 1993 


Left  to  right:  Dr.  Fred  Saalfeld,  Deputy  Chief  of  Naval  Research;  RADM  Marc  Pelaez,  Chief  of  Naval  Research:  the  Honorable 
Nora  Slatkin,  Assistant  Secretary  of  Navy  (Research,  Development  and  Acquisition);  Dr.  Timothy  Coffey.  NRL  Director  of 
Research;  Madeleine  Tawney:  Dr.  Jerome  Karle;  Dr.  Jean  Karle;  Dr.  Isabella  Karle:  the  Honorable  Anita  K.  Jones,  Director,  Defense 
Research  and  Engineering;  the  Honorable  John  H.  Dalton,  Secretary  of  the  Navy:  Dr.  Larry  Tise,  Executive  Director,  Franklin 
Memorial:  Dr.  James  L.  Powell,  President,  Franklin  Institute:  and  CAPT  Paul  G.  Gaffney  II,  NRL,  Commanding  Officer. 


CAPT  Gaffney:  The  nation’s  Naval  Research  Laboratory 
(NRL)  is  honored  to  assist  the  historic  and  renowned  Frank¬ 
lin  Institute  and  Franklin  Memorial,  this  evening,  in  its 
formal  announcement  of  the  prestigious  Bower  Award  and 
Prize  for  Scientific  Achievement. 

We  have  a  very  short  program  featuring  several  top 
leaders  in  national  science  and  defense  policy.  So,  without 
further  ado,  it  is  my  distinct  pleasure  to  introduce  to  you. 
President  and  Chief  Executive  Officer  of  the  Franklin  Insti¬ 
tute,  Dr.  James  L.  Powell,  and  Dr.  Larry  Tise,  the  Executive 
Director  of  the  Franklin  Memorial. 

Dr.  Powell:  Thank  you  very  much  Captain  Gaffney.  Good 
evening  everyone. 

It  was  a  former  Assistant  Secretary  of  the  Navy,  Franklin 
Delano  Roosevelt,  who  said  “When  you’re  giving  a  talk  after 
dinner  be  sincere,  be  brief,  be  seated.”  So,  I’m  going  to  try  to 
follow  his  advice  this  evening,  but  it’s  a  great  honor  for  me 
personally  to  be  here  as  a  scientist.  I’ve  known  about  the 
important  work  of  NRL  and  its  various  incarnations  all  my 
career  and  I’m  very  privileged  to  be  here. 


The  Franklin  Institute  was  founded  in  1824  to  promote 
the  “mechanic  arts,”  as  they  referred  to  them  in  those  days, 
and  we’ve  been  doing  science,  in  one  way  or  another,  ever 
since.  One  of  the  things  that  those  of  us  who  are  concerned 
about  science  realize  is  that  we  do  not  have  a  very  favorable 
image.  The  media  does  not  help.  Instead  of  encouraging 
children  to  go  into  science,  they  seem  ^  have  just  the 
opposite  effect,  and  so  I  think  we  need  to  seize  every  oppor¬ 
tunity  that  we  have  to  recognize  scientific  achievement. 

I  was  very  pleased  when  I  got  to  the  Franklin  Institute  a 
few  years  ago  to  find  out  that  we  have  a  distinguished 
program  for  recognizing  scientific  achievement.  And,  when 
that  achievement  goes  to  a  woman  or  a  member  of  a  minority 
group,  so  much  the  better,  because  those  are  the  people  we 
especially  need  to  encourage  into  science.  In  just  a  moment. 
Dr.  Tise,  my  colleague,  will  say  a  bit  about  the  process  by 
which  the  awardee  is  selected,  and  you  will  see  that  it  is  a 
result  of  an  international  search  whose  ground  rules  are  only 
that  we  try  to  find  the  very  best  person  that  we  can  in  science. 
Just  to  show  you  the  conclusion  that  we  came  to  about  Dr. 
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Karle,  before  I  turn  to  Dr.  Tise,  1  want  to  read  you  part  of  the 
citation  that  will  be  presented  to  her  and  is  the  basis  for  this 
award.  “The  Bower  Award  and  Prize  in  Science  goes  to 
Isabella  LKarle,  physical  chemist  and  crystallographer,  for 
pioneering  contributions  in  determining  the  three  dimen¬ 
sional  structure  of  molecules,  making  use  of  both  X-ray  and 
electron  diffraction,  and,  in  particular,  for  her  definitive 
introduction  of  a  procedure  to  reveal  molecular  structure 
directly  from  X-ray  studies.  This  inventive  work  has  pro¬ 
foundly  facilitated  studies  in  chemistry,  biology,  and  medi¬ 
cine,  permitting  routine  and  immediate  determinations  of 
molecular  structures.  She  has  thrived  in  her  profession  and 
served  as  an  inspiration  to  her  colleagues  and  students  with 
a  curiosity  and  creativity  that  make  her  a  kindred  spirit  of 
Benjamin  Franklin  himself.”  So,  we  are  very  pleased  to  be 
able  to  make  this  award  to  Dr.  Karle.  And  now.  I’d  like  to  turn 
to  Larry  Tise. 


The  Honorable  John  H.  Dalton,  Secretary  of  the  Navy. 


Dr.  Tise:  Not  as  a  scientist  but  an  historian,  I  was  very 
pleased,  when  I  came  to  the  Franklin  Institute  some  five 
years  ago,  and  had  the  responsibility  of  establishing  the 
procedures  for  the  Bower  Award,  to  find  that  my  chief  mis¬ 
sion  was  to  find  that  individual  in  our  world  today,  every  year, 
who  reflects  the  scientific  and  humanitarian  genius  of  Ben¬ 
jamin  Franklin. 

In  setting  up  the  process  of  finding  this  person  every 
year,  we  established  a  worldwide  nomination  process,  an 
international  board  of  advisors;  we  established  a  selection 
process  that  is  more  rigorous,  or  equally  rigorous,  to  any 
other  award  in  the  world  and,  every  year,  we  receive  thou¬ 
sands  of  inquiries  about  this  award.  After  discouraging  many 
people  from  submitting  a  nomination,  we  receive  between 
50  and  100  fully  documented  nominations,  which  are  then 
reviewed  on  three  levels;  locally,  among  scientists  in  our 
community  and  then  internationally,  among  scientists  who 
are  expert  in  the  field  of  the  nomination,  and  then,  finally, 
we  bring  together  an  international  selection  committee  of 
people,  mainly  not  from  the  United  States,  to  help  us  decide 
who  should  receive  the  award  in  this  particular  year. 

This  year  Isabella  Karle  was  selected  not  only  because  of 
an  outstanding  scientific  achievement  that  you  just  heard  Dr. 
Powell  describe,  but  also  because  her  work  has  applications  in 
so  many  fields.  I  wish  you  could  have  heard  the  selection 
committee  when  they  discussed  this  nomination  and  made  the 
selection.  They  said,  “Karle  and  Karle.”  It  is  known  to  everybody 
all  over  the  world  and  because  of  her  life  and  contributions,  not 
only  as  a  scientisL  but  also  as  a  citizen  and,  particularly  in  this 
year,  as  an  inspiration  to  women  to  choose  careers  in  science. 
It  has  been  my  pleasure  to  sort  of  guide  and  direct  this  process 
this  year  and  to  come  to  know  Dr.  Karle. 

I  would  like  to  invite  all  of  you  to  Philadelphia  on  April 
7th  and  8th,  next  year,  when  we  will  not  only  present  her  with 
a  check  and  with  a  gold  medal,  but  we  will  be  holding  two 
days,  actually  three  days,  of  events  in  which  we  will  be 
exploring  the  work  that  she  has  done  and  that  others  in  her 
field  have  done,  and  we  will  be  looking  at  related  issues,  such 
as  the  role  of  women  in  science  today.  We  will  celebrate  her 
work  and,  of  course,  we’ll  spend  some  time  talking  about 
Benjamin  Franklin  as  well.  Thank  you. 

CAPT  Gaffney:  Ladies  and  gentlemen,  in  his  first  ap¬ 
pearance  in  connection  with  science  and  technology,  the 
Honorable  John  H.  Dalton,  Secretary  of  the  Navy. 

Secretaiy  Dalton:  Thank  you  very  much,  and  I  want  to 
welcome  each  of  you  here  tonight  to  this  beautiful  museum. 
Several  people,  during  the  cocktail  hour,  mentioned  to  me 
that  this  is  the  first  time  they  had  been  in  this  building  and 
I  hope  that  you’ll  come  back  and  take  it  in.  It  really  is  a 
wonderful  place  and  we’re  fortunate  to  have  it. 

I’m  very  pleased  to  be  here  tonight  on  this  occasion.  It’s 
a  tremendous  day  for  the  Department  of  the  Navy  and  it’s 
great  that  we’re  here  to  honor  Dr.  Isabella  Karle,  as  the 
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recipient  of  the  1993  Bower  Award  and  Prize  for  Achievement 
in  Science.  The  Bower  Award,  which  recognizes  outstanding 
achievement  in  the  life  or  physical  sciences,  serves  as  a 
memorial  to  that  great  American  scientist  and  humanitarian, 
diplomat  and  patriot,  Benjamin  Franklin.  Dr.  Karle’s  scien¬ 
tific  achievements  stand  solemnly  within  the  tradition  estab¬ 
lished  by  Benjamin  Franklin.  A  tradition  that  combines 
scientific  excellence  with  public  service.  The  great  Franklin 
once  advised  a  friend  to  continue  with  his  “excellent  experi- 
ments...produce  facts,  improve  science  and  do  good  to  man¬ 
kind."  Dr.  Isabella  Karle  has  excelled  in  all  these  regards.  An 
outstanding  researcher,  laboratory  teacher,  lifelong  civil  servant 
and  parent,  she  has  set  an  example  to  which  her  colleagues  and 
succeeding  generations  of  scientists  can  aspire.  She  has  indeed 
carried  out  excellent  experiments,  produced  facts,  improved 
science,  and  done  good  to  mankind.  At  the  same  time,  she  has 
raised  a  family  of  achievers  in  their  own  right. 

As  Secretary  of  the  Navy,  I’m  especially  pleased  that  the 
Department  of  the  Navy  can  claim  Isabella  as  its  own.  Her 
work  stands  as  an  example  for  the  high  quality  research 
carried  out  by  the  men  and  women  at  the  Naval  Research 
Laboratory.  We,  in  the  Navy,  are  fortunate  to  have  developed 
and  maintained  a  national  resource  like  NRL,  which  can 
attract  and  retain  world  class  scientists,  like  Isabella  and  her 
husband,  Nobel  Laureate,  Dr.  Jerome  Karle.  Dr.  Isabella 
Karle’s  career  spans  over  47  years  with  the  Navy,  at  the  Naval 
Research  Laboratory.  After  receiving  her  Ph.D.  in  chemistry, 
at  the  age  of  22,  she  and  her  husband  both  worked  on  the 
Manhattan  project.  Both  were  subsequently  appointed  to 
NRL.  Isabella’s  efforts  for  our  Navy  and  our  nation  have 
combined  hard  work  with  insights  into  the  processes  of 
nature.  Dr.  Karle’s  master  work  is  her  now  famous  symbolic 
addition  procedure  for  determining  molecular  structures,  an 
advance  that  has  greatly  aided  medical  and  pharmaceutical 
research.  The  author  of  almost  300  scientific  papers  and  the 
recipient  of  numerous  awards  and  citations,  including  the 
Secretary  of  the  Navy’s  Distinguished  Achievement  Award  in 
Science,  Dr.  Isabella  Karle  is  the  only  woman  ever  elected  to 
the  Chemistry  Section  of  the  National  Academy  of  Sciences 
and  now  she  is  the  first  woman  and  first  US  government 
scientist  to  win  the  Bower  Award  and  Prize.  As  the  Depart¬ 
ment  of  the  Navy  right-sizes  and  reshapes  its  forces  with  a 
post-cold-war  world,  science  and  technology  become  ever¬ 
more  important  in  continuously  improving  our  capabilities 
to  use  the  sea  and  preserve  peace. 

Great  institutions  such  as  the  Naval  Research  Labora¬ 
tory  and  the  Franklin  Institute  as  well  as  dedicated  scientists 
like  Dr.  Karle  are  critical  if  we  are  to  be  successful  in  these 
efforts.  They  will  provide  the  foundation  for  America’s  future. 

On  behalf  of  the  President  of  the  United  States  and  the 
Department  of  the  Navy,  I  am  very  proud  to  be  here  to 
personally  congratulate  Dr.  Isabella  Karle  on  her  selection  to 
receive  the  Franklin  Institute’s  Bower  Award  and  Prize  for 


The  Honorable  Anita  K.  Jones,  Director.  Defense  Research 
and  Engineering. 


Achievement  in  Science.  Isabella,  we’re  proud  of  you.  Con¬ 
gratulations  and  God  bless  you. 

CAPT  Gaffney:  Thank  you  Mr.  Secretary.  Ladies  and 
gentlemen,  the  champion  of  defense  science  and  technology, 
and  I’m  very  pleased  to  say  a  rather  frequent  visitor  to  the 
Naval  Research  Laboratory.  It’s  my  pleasure  to  introduce  the 
Director  of  Defense  Research  and  Engineering  (DDR&E),  the 
Honorable  Anita  K.  Jones. 

Dr.  Jones:  Thank  you  Capt.  Gaffney,  and  Secretary  Dal¬ 
ton,  Dr.  Powell  and  Dr.  Karle. 

It’s  an  honor  to  join  with  this  group  of  guests  to  cele¬ 
brate  the  announcement  of  the  award  of  the  Bower  Prize  to 
Dr.  Isabella  Karle.  It’s  a  particular  pleasure  to  recognize  this 
prize  going  to  a  renowned  scientist  from  within  the  Depart¬ 
ment  of  Defense  community. 

My  first  speech  when  I  became  the  DDR&E  was  at  the 
Naval  Research  Laboratory.  It  was  at  a  seminar  on  contem¬ 
porary  science  honoring  Dr.  Jerry  Karle  on  the  occasion  of 
his  75th  birthday,  and  now  I  have  the  pleasure  of  being  here. 
When  I  walked  in,  I  had  intended  to  ask  whether  there  are 
some  other  members  of  the  family  that  I  should  be  on  the 
lookout  for.  I  was  sitting  next  to  Dr.  Karle  and  she  pointed 
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Dr.  Isabella  Karle,  Naval  Research  Laboratory  Senior  Scientist 
and  recipient  of  the  1993  Bower  Award. 


out  that  the  radiation-related  material  depicted  in  the  left- 
hand  panel  of  the  display  over  here  was  the  result  of  collabo¬ 
ration  with  a  daughter.  So  I  did  not  need  to  ask. 

An  award  like  this,  among  other  things,  recognizes 
quality,  and  quality  is  crucial  in  a  scientific  enterprise.  It’s 
particularly  my  job,  and  a  line  one  I  may  add,  to  try  to  defend, 
to  catalyze,  and  to  find  new  opportunities  for  injecting  qual¬ 
ity  into  the  science  and  technology  program  of  the  Depart¬ 
ment  of  Defense.  Also  it’s  a  real  pleasure  to  see  work  of  the 
highest  distinction  recognized  by  an  award  as  eminent  as  the 
Bower  Award  from  the  Franklin  Institute.  Such  an  award 
spills  over  to  the  colleagues  and  to  the  environment  in  which 
a  scientist  works.  I  think  the  Naval  Research  Laboratory  can 
be  very  proud  of  its  support  and  the  conditions  it  made 
possible,  and  which  played  a  part  in  this  award  as  well. 

It’s  very  difficult  to  express  to  someone  who’s  not  a 
scientist  how  exciting  it  can  be  and  what  a  difference  a  single 
individual  can  make.  Also  it  is  difficult  to  make  a  description 
of  Dr.  Karle  in  down-home  terms  -  I’m  from  Texas.  One  of 


the  things  she  is  noted  for  is  creating  electron  and  X-ray 
diffraction  techniques,  that  allow  one  to  see  3-D  structures 
that  you  couldn’t  see  before  and,  so,  a  way  of  describing  her 
work  is:  “she  gave  eyes  to  scientists  across  the  world  to  see 
what  they  could  not  see  before  her.”  To  see  into  what  was 
darkness  before  -  that  is  a  very  exciting  experience.  Dr.  Karle 
is  the  first  woman,  as  Secretary  Dalton  said,  to  receive  this 
Franklin  Institute  Award  and  it’s  a  particular  pleasure  for  me 
to  join  this  company,  in  recognizing  her,  and  to  know  that 
we  have  such  high  recognition  of  a  woman  who  is  a  role 
model  for  both  men  and  women,  but  particularly  women, 
who  are  moving  through  the  defense  laboratory  science 
community. 

It  is  a  pleasure  to  offer  my  congratulations  to  you  Dr. 
Karle.  I’d  like  to  close  by  bringing  to  you  a  message  from  Les 
Aspin,  the  Secretary  of  Defense.  He  writes, 

“It  is  my  pleasure  to  congratulate  Dr.  Isabella  Karle  for 
winning  the  1993  Franklin  Institute  Bower  Award  and  Prize 
for  Achievement  in  Science.  This  award  is  a  testament  to  Dr. 
Karle’s  outstanding  career  as  a  physical  chemist  and  crystal- 
lographer.  Her  work  at  the  Naval  Research  Laboratory  has 
enormous  implications  for  the  advancement  of  chemistry, 
biology,  and  medicine.  Not  only  is  Dr.  Karle  the  first  woman 
to  win  the  highly  prestigious  Bower  Science  Award,  she  is 
also  the  first  recipient  from  the  community  of  Defense  De¬ 
partment  laboratories.  We’re  very  proud  of  her.  Defense 
research  has  been  very  successful  in  making  our  armed 
forces  the  world’s  best.  Dr.  Karle’s  recognition  also  under¬ 
scores  the  potential  for  private  sector  uses  of  the  technolo¬ 
gies  developed  in  our  military  laboratories. 

“In  honoring  Dr.  Karle  and  her  work,  the  Franklin 
Institute  is  highlighting  the  benefits  of  technology  transfer 
from  the  military  to  the  civilian  sector.  We  are  deeply  grateful 
for  that  recognition  by  the  institute.  This  ceremony  provides 
a  wonderful  means  of  expressing  gratitude  to  Dr.  Karle.  I 
appreciate  the  opportunity  to  add  my  thanks  for  her  many 
remarkable  contributions  to  science  and  to  our  nation.” 

CAPT  Gafftiey:  Ladies  and  gentleman,  reflecting  on  her 
magnificent  career,  addressing  Navy  and  national  scientific 
challenges,  the  senior  scientist  in  NRL’s  Laboratory  for  the 
Structure  of  Matter  is  the  1993  Bower  Award  selectee.  Dr. 
Isabella  Karle. 

Dr.  Karle:  Thank  you  Dr.  Powell,  Secretary  Dalton,  Dr. 
Tise,  Secretary  Jones  for  this  magnificent  event.  I  am  indeed 
honored,  excited,  and  grateful  to  have  been  named  the  re¬ 
cipient  of  the  Bower  Award.  I  wish  to  thank  the  trustees  of 
the  Franklin  Institute  and  the  selection  committee  for  all 
their  hard  work.  I  also  deeply  appreciate  having  been  nomi¬ 
nated  by  Dr.  Coffey,  the  Director  of  Research,  the  Naval 
Research  Laboratory  and  Dr.  Rath,  the  Associate  Director  for 
Material  Science. 

The  Naval  Research  Laboratory  deserves  much  credit  for 
supporting  basic  research  and  for  providing  a  suitable  and 
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The  Honorable  Nora  Slatkin,  Assistant  Secretary  of  the  Navy 
(Research,  Development  and  Acquisition)  to  the  left  and  Dr. 
Isabella  Karle. 


exciting  environment  for  science  to  flourish.  When  my  hus¬ 
band  and  I  first  arrived  at  the  Laboratory  47  years  ago,  we 
were  immediately  thrust  into  an  atmosphere  of  exciting 
research  and  surrounded  by  exceptional  people,  whose 
names  still  appear  on  the  front  page  of  the  Laboratory  news¬ 
paper  and  one  of  whom  is  here  at  this  gathering.  Dr.  Herbert 
Friedman  was  our  immediate  supervisor  and,  as  most  of  you 
know,  he  has  won  world  acclaim  for  spatial  astronomy  and 
was  presented  with  very  many  awards,  amongst  them  the 
Wolf  Prize  of  Israel  of  1987.  Dr.  Richard  Tousey  was  just  a  few 
doors  down  the  hall  and  he,  in  1990,  received  the  Hale  Prize 
for  solar  spectroscopy.  Somewhat  later,  Dr.  Timothy  Coffey 
and  Dr.  Bhakta  Rath,  of  course,  they’re  younger  so  they  had 
to  be  later,  came  to  the  Laboratory  and  they  too  have  pres¬ 
tigious  awards.  Dr.  Coffey  received  the  1991  Franklin  Insti¬ 
tute  Delmer  Fahmey  Medal  for  leadership  in  science  and 
technology.  Dr.  Bhakta  Rath  received  the  1992  Minerals, 
Medals,  and  Materials  Society  Award  for  Materials  Science. 
Almost  anytime  we  open  Labstracts,  which  is  the  Laboratory 
newspaper,  there  is  someone  who  is  receiving  an  important 
award.  Last  week,  I  think  it  was.  Dr.  Robert  Lehmberg  and 
Dr.  Richard  Obenschain  received  the  American  Physical  So¬ 
ciety  Award  for  Excellence  in  Plasma  Physics.  So,  you  see, 
these  are  only  a  very  few  examples  of  the  national  and 
international  recognition  accorded  to  NRL  scientists,  and 
that  makes  NRL  an  important  and  interesting  place  to  work, 
especially  since  all  of  these  people  received  their  awards  in 
rather  diverse  fields  of  science.  The  mood,  prevalent  in  the 
Laboratory  when  we  first  came  in  the  late  1940s,  can  be 
measured  by  the  following  occurrence.  Jerome  designed  an 
electron  diffraction  apparatus,  which  was  very  large  and 
complicated  and  I  assembled  the  pieces,  aligned  and  fine- 
tuned  all  the  components,  and  eventually  collected  and  ana¬ 


lyzed  data.  Well,  during  the  process  of  building  the  appara¬ 
tus,  when  the  on-site  foundry  and  machine  shops  were 
supposed  to  cast  and  fabricate  the  large  brass  segments. 
Captain  Brad  Bennett,  (he  must  not  have  been  a  Captain  then, 
he  was  a  Commander,  and  at  that  time,  he  was  in  charge  of 
Support  Services)  suggested  and  authorized  that  two  of  every¬ 
thing  be  fabricated.  This  was  an  excellent  suggestion  because  it 
greatly  facilitated  the  assembly  of  the  apparatus.  We  had  a 
successful  first  instrument  much  more  quickly  because  if  one 
piece  didn’t  work  the  other  one  did.  Eventually,  we  had  two 
apparatuses.  So,  as  a  resulL  we  had  papers  with  erqrerimental 
data  already  analyzed,  and  in  print,  barely  two  years  from  the 
time  we  first  started  designing  the  instrument 

A  popular  slogan  in  the  40s  was  “Join  the  Navy  and  See 
the  World.”  I  didn’t  know  it  applied  to  civilian  scientists,  but 
apparently  it  did  because  it  turned  out  that  way. 

Our  subsequent  work  concerned  X-ray  difiraction  and 
the  elucidation  of  the  three-dimensional  structure  of  mole¬ 
cules.  A  key  problem  existed;  in  fact,  half  of  the  necessary 
information  seemed  to  be  lost  in  the  process  of  the  diffraction 
procedure.  It  was  called  the  phase  problem.  If  we  could 
evaluate  the  phases  as  well  as  the  intensities,  then  we  could 
work  backwards  and  determine  the  structures  of  these  mole¬ 
cules.  Well,  Jerome  Karle,  with  a  colleague,  Herbert 
Hauptman,  who  worked  in  our  group  at  the  time,  solved  the 
problem  of  obtaining  the  phases  theoretically.  The  results 
were  presented  in  terms  of  an  infinite  set  of  inequalities, 
probabilistic  functions,  and  transcendental  functions.  It  was 
1  who  bridged  the  gap  between  the  theory  and  experiment  by 
translating  these  mathematical  results  into  practical  proce¬ 
dure.  Jerome  always  said  he  liked  working  with  a  paper  and 
pencil  much  better  than  anything  else.  There  was  a  great 
amount  of  trepidation  when  we  gambled  our  research  budget 
to  have  IBM  do  a  final  refinement  on  my  first  results.  You 
see,  at  that  time,  this  was  the  mid-1950s  -  IBM  was  the  only 
company  that  had  a  computer  that  was  capable  of  doing  the 
problem  that  we  needed  to  be  done.  Their  computer  was 
displayed  in  New  York  City  on  Fifth  Avenue  behind  a  plate- 
glass  window,  so  that  passerbys  could  see  this  wondrous 
machine  doing  its  thing.  Well,  fortunately,  their  machine 
worked.  My  results  worked  and  that  was  the  beginning  of 
doing  several  hundred  (I’ve  not  counted  them)  structures 
over  the  years,  in  various  areas  of  science.  The  successes 
we’ve  had,  in  this  sort  of  activity,  have  spawned  numerous 
advance-study  workshops  that  took  place  around  the  world 
for  the  next  20  to  25  years.  These  are  the  places  I  remember; 
there  were  a  number  of  others.  Cambridge  University  -  I 
think  that  was  the  first  one  -  and  then  Oxford,  York,  Parma, 
Erice  (on  top  of  a  mountain  in  Sicily)  Prague,  Warsaw, 
Hungary,  Kyoto,  Brazil  and  so  forth.  In  that  way,  we  saw  the 
world  rather  thoroughly.  However,  I  didn’t  get  to  the  North 
Pole  until  two  years  ago.  There  were  a  number  of  scientists 
there,  and  I  presented  some  lectures.  I  should  say  that  this 
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was  in  TVomso,  at  the  university,  way  up  above  the  Arctic  like  to  mention  two  recent  publications  that  address  the 

Circle.  The  notes  and  instructions  that  I  provided  for  the  profits  of  society  fi'om  basic  research.  The  first  is  the  Physics 

workshops  became  teaching  materials  in  various  universities  Today  issue.  In  fact,  it’s  the  October  1993  issue  that  is  devoted 

and  the  basis  for  a  number  of  computer  programs.  These  to  the  benefits  of  basic  research  and  some  of  the  titles  are: 

courses  were  instrumental  in  expanding  the  number  of  crys-  “From  Basic  Research  to  High  Technology,”  such  research  is 

tal  structures  solved  around  the  world,  from  a  handful  each  the  seed  com  of  the  technological  harvest  that  sustains 

year  to  much  more  than  10,000  a  year,  at  present.  We  know  modern  society;  ‘The  Birth  of  the  Laser  Era.”  and  “Fiber 

how  many  because  these  structures  are  all  in  a  data  base  Optics,”  these  are  the  components  that  went  into  making 

called  the  Cambridge  Data  Base  and  they  are  having  a  diffi-  fiber  optics  practical.  Fundamental  research  in  glass  science, 

cult  time  keeping  up  with  the  exponential  number  of  pieces  optics,  and  quantum  mechanics  have  matured  into  a  tech- 

of  data  that  they  have  to  include  every  year.  nology  that  is  now  driving  our  communications  revolution. 

Personally,  I’ve  had  a  satisfying  and  fascinating  career.  Then,  of  course,  there  are  the  magnetic  resonance  experiments. 
Much  of  the  success  is  due  to  sufficient  support.  At  present,  superconductivity,  semiconductors,  cyclotrons,  and  so  on  and 
with  our  economy  at  a  lower  level,  there  is  a  tendency  to  so  on.  A  somewhat  similar  publication  came  out  recently  from 
de-emphasize  basic  research  in  many  institutions.  I  would  the  American  Chemical  Society,  under  the  direction  of  Ernest 


Dr.  Isabella  and  Dr.  Jerome  Karle  with  their  daughters  Madeleine  Tawney  on  the  left  and  Dr.  Jean  Karle  on  the  right  at  the  ceremony. 
Another  daughter  Louise  Hanson  was  not  able  to  attend. 
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Eliei.  It’s  called  Science  and  Serendipity,  and  it  has  a  number 
of  feiscinatir^  articles  on  how  basic  research,  that  was  not 
directed  toward  anything,  has  resulted  in  nylon,  teflon,  and  the 
platinum-plated  bullet  (renamed  cisplatin,  an  anticancer  drug). 
For  the  medical  field,  chemistry  has  provided  cortisone,  designer 
genes,  AZT,  and  so  on.  I  have  mentioned  chemistry  and  physics. 
Of  course,  similar  examples  exist  in  medicine  and  physiology, 
biology,  agriculture  and  all  the  other  scientific  areas.  Everywhere 
we  look  in  modem  society  we  see  the  end-product  of  basic 
research.  Often  it  takes  10  or  50  or  even  more  years  for  the 
knowledge  derived  from  basic  research  to  be  applied  to  high 
technology,  but  the  pool  containing  basic  information  must  be 
constantly  replenished,  otherwise  it  will  run  dry. 

Again,  I  want  to  express  my  thanks  to  the  Franklin 
Institute  for  choosing  me  as  the  Bower  Award  recipient  and 
to  the  Navy  and  the  Naval  Research  Laboratory  for  all  of  their 


support  for  the  last  47  years.  Thank  you.  I  also  want  to  thank 
everybody  for  helping  me  celebrate  tonight. 

CAPT  Gaffney:  Thank  you  Dr.  Karle,  Dr.  Jones,  Mr. 
Secretary,  Dr.  Tise,  Dr.  Powell  and  especially  to  the  Franklin 
Institute,  today.  This  is  a  memorable  evening  for  the  Navy, 
the  Naval  Research  Laboratory  and  I’m  sure  for  all  the  Karles 
that  are  here.  We  all  look  forward  to  the  grand  ceremony  at 
the  Franklin  Memorial  in  Philadelphia  in  the  spring. 

Now,  if  all  of  you  will  help  us  with  the  rest  of  the 
reception,  we’ll  let  the  press  spend  some  time  with  Isabella 
alone. 

Thank  you  very  much  everyone. 
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Molecular  Structure:  Four  Articles 


But  beyond  the  bright  search  lights  of  science 
Out  of  sight  of  the  windows  of  sense, 

Old  riddles  still  bid  us  defiance. 

Old  questions  of  Why  and  of  Whence. 

When  Science  from  Creation’s  face 
Enchantment’s  veil  withdraws. 

What  lovely  visions  yield  their  place 
To  cold  material  laws! 

Thomas  Campbell  (1777-1844)  -  To  The  Rainbow 


The  following  four  articles  by  Isabella  Karle  represent  three  important  and  distinct 
areas  of  science  which  she  developed  and  which  have  changed  our  thinking  about  the 
structure  of  matter.  By  developing  X-ray  diffraction  techniques  for  determining  the 
three-dimensional  structure  of  molecules,  she  has  made  possible  new  avenues  of  research 
in  chemistry,  biology  and  medicine. 

The  three  areas  of  science  and  the  accompanying  articles  are: 

•  Structure  analysis  of  molecules  in  the  vapor  state  by  electron  diffraction  - 
“Internal  Motion  and  Molecular  Structure  Studies  by  Electron  Diffraction,” 
(1949). 

•  The  determination  of  phases  directly  from  the  measured  intensities  of  X-ray 
reflections  -  “Crystal  and  Molecular  Structure  of  p,p’-Dimethoxybenzophenone 
by  the  Direct  Probability  Method”  (1957)  and  “An  Application  of  the  Symbolic 
Addition  Method  to  the  Structure  of  L-Arginine  Dihydrate,”  (1964). 

•  Elucidation  of  molecular  formulae  and  determinations  of  conformations  of 
peptides,  steroids,  and  alkaloids  -  “Crystal  Structure  of  [Leujzervamicin,  a 
Membrane  Ion-Channel  Peptide;  Implications  for  Gating  Mechanisms,”  (1991). 

In  order  to  maintain  authenticity  and  accuracy,  the  four  articles  have  been  photo¬ 
graphically  duplicated  as  originally  printed. 
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Reprinted  from  The  Joubnal  of  Chemical  Physics,  VoI.  17,  No.  11.  1052-10S8,  November,  1949 

Printed  in  V.  S.  A. 


Internal  Motion  and  Molecular  Structure  Studies  by  Electron  Diffraction* 

Isabella  Lugoski  Kable  amo  Jeboice  Kable 
Naval  Research  Laboratory,  WaskingUm,  D.  C. 

V  (Received  January  31,  1949) 

A  procedure  has  been  developed  for  the  determination  of  molecular  structure  by  electron  diffraction 
which  yields  accurate  intensity  data  and  obviates  the  necessity  for  visual  examination  of  the  diffraction 
photographs.  The  theory  for  computing  radial  distribution  curves  has  been  extended  to  permit  accurate 
curves  to  be  obtained  from  scattering  data  covering  only  a  restricted  range  of  angle.  From  this  methi^,  it 
is  possible  to  obtain  not  only  equilibrium  distances  but  also  the  probability  distibutions  for  the  vibrational 
motion  between  pairs  of  atoms  in  a  molecule.  The  procedure  hu  been  applied  to  CCU  and  COi  and  when 


comparisons  may  be  made  with  spectroscopic  results, 

The  study  of  molecular  structures  using  electron 
diffraction  by  gases  has  usually  involved  the 
visual  examination  of  the  diffraction  pattern^  which 
consists  of  small  oscillations  about  a  steeply  falling 
background.  The  jxjsitions  of  the  apparent  maxima  and 
minima  are  measured,  their  relative  intensities  are 
estimated  visually,  and  some  estimate  is  made  of  the 
shape  of  those  features  which  appear  to  be  neither 
maxima  nor  minima.  The  observed  curve  is  used  as  the 
basis  for  evaluating  the  equilibrium  distances  in  the 
molecule  being  studied.  This  is  accomplished  by  calcu¬ 
lating  a  radial  distribution  curve  which  is  used  as  a 
guide  for  selecting  various  models  to  represent  the 
structure  of  the  molecule.  From  these  models  intensity 
curves  are  computed  and  compared  to  the  visually 
observed  curve.  The  model  chosen  to  represent  the 
structure  of  the  molecule  depends  upon  the  agreement 
between  the  computed  and  observed  curves.  Some 
differences  are  found  in  the  form  of  the  functions 
used  by  various  investigators  to  compute  the  radial  dis¬ 
tribution  and  intensity  curves. 

The  uncertainties  in  the  visual  examination  of  the 
diffraction  patterns  and  in  the  mathematical  analysis, 
rruike  it  very  desirable  to  establish  a  quantitative  pro¬ 
cedure  which  uses  an  unambiguous  theory  and  elimi¬ 
nates  the  visual  study  of  the  photographs.  A  procedure 
to  eliminate  this  visual  study  has  been  developed  by 
the  Norwegian  school  and  they  have  used  it  to  study 

*  Presented  at  the  meeting  of  the  American  Society  for  X-Ray 
and  Electron  Diffraction,  Columbus,  Ohio,  December  16,  1948. 

'  L.  O.  Brockway,  Rev.  Mod.  Phys.  8,  231  (1936). 


satisfactory  agreement  is  obtained. 

the  structures  of  a  large  number  of  molecules.*  Their 
procedure  involves  the  use  of  a  rotating  sector*  in  order 
to  accentuate  the  oscillating  features  of  the  pattern  and 
the  photographs  are  scanned  with  a  microphotometer. 
The  main  difference  between  their  procedure  and  the 
one  to  be  outlined  concerns  the  method  of  analyzing 
the  scattering  data.  By  our  method  accurate  values 
of  the  equilibrium  distances  can  be  expected  and,  in 
addition,  it  is  possible  to  evaluate  the  magnitude  of  the 
vibrational  motion  between  {lairs  of  atoms  in  a  molecule. 

THEORY 

When  free  molecules  are  struck  by  a  beam  of  fast 
electrons,  part  of  the  scattering  of  the  primary  beam 
arises  from  the  spacings  between  the  atoms  in  indi¬ 
vidual  molecules  and  can  be  represented  by  the  formula 

=  (i^j)  (1) 

The  rest  of  the  scattering  does  not  depend  upon  the 
molecular  structure  and  forms  a  steeply  falling  back¬ 
ground  upon  which  the  molecular  scattering,  Eq.  (1), 
is  superimposed.  The  upper  limit  n  in  the  summation  is 

*  (a)  Chr.  Finbak,  Avhandl.  Norike  Vid.-Akad.  Oslo,  I  Mat- 
Naturv.  Kl.,  No.  7  (1941).  (h)  Chr.  Finbak  and  O.  HasMl,  Ardiiv. 
f.  Mat.  o.  Naturvid.  B45,  No.  3  (1941).  (c)  H.  Viervoll,  Acta  Oem. 
Seand.  1,  120  (1947).  (d)  O.  Haasd  and  H.  ViervoU,  Acte  Oiein. 
Scand.  1,  149  (1947). 

*(a)  C.  Finbak,  Avhandl.  Norike  Vid.-Akad.  Oito,  Mat- 
Naturv.  Kl.,  No.  13  (1937).  (b)  P.  P.  Debye,  Iliydk.  Zcite.  40, 66, 
404  (1939). 
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equal  to  the  total  number  of  atoms  in  the  molecule.  The 
coefficients  ca  are  characteristic  of  the  tth  and  jth 
atoms  and  in  the  subsequent  analysis  are  assumed  to  be 
constant.  In  practice,  this  is  a  good  approximation, 
except  for  very  small  scattering  angles,  if  the  molecular 
scattering  is  obtained  by  dividing  the  total  scattering 
by  the  background  scattering.  If  a  molecule  is  absolutely 
rigid,  then  the  interference  function  is  equal  to 
smsTij/sTij  where  r,-,  is  the  distance  between  the  nuclei 
of  the  ith  and  jth  atoms  and  s=  (4t  sinfl/2)/X  where  0 
is  the  scattering  angle  and  X  is  the  wave-length  of  the 
electron  beam.  Since  there  is  some  motion  of  the  nuclei 
in  all  molecules,  the  interference  function  A  a  assumes 
the  form 

I  Pij{p)(sitisp/sp)dp,  (2) 

•'o 

where  Pij(p)dp  is  the  probability  that  the  distance  be¬ 
tween  the  ith  and  7th  atoms  has  a  value  between  p  and 

P+dp. 

A  Fourier  transformation  may  be  made  on  the 
molecular  scattering  function, 

Pij(p)(smsp/sp)dp,  (3) 

i«i  y-1  Jq 


by  multiplying  it  by  rsinrr  and  integrating  with  re¬ 
spect  to  s.  The  result  of  such  a  procedure  is  a  function 
of  the  variable  r  which  represents  the  radial  distribution 
curve,  D(r) 


^ W  =  I  sinsrds 

•'o 

=  LLcijf  sinsrdsf 
i-l  •/»  Ja  O 


(4) 


sinrpdp  (4a) 


—  £  £ 

2  i-l  ;-l  r 


(4b) 


The  ordinates  of  the  radial  distribution  curve  essen¬ 
tially  represent  the  probability  of  the  occurrence  of  the 
intemuclear  distances,  r,  in  the  molecule.  It  has  been 
found  in  our  experiments  that  in  the  vicinity  of  an  equi¬ 
librium  distance,  ra,  which  is  not  very  close  in  value 
to  other  ones  in  the  molecule,  the  function.  D(r)  can 
usually  be  represented  by 

D{r)  =  exp[-  A.y(r-  r,>)*]/2r,„  (5) 

where  is  a  measure  of  the  average  deviation 

from  the  equilibrium  position  and  is  equal  to  (I.-/)* 
where  /.-y  is  the  displacement  from  equilibrium.  The 
quantity  r  in  the  denominator  in  £q.  (4b)  may  be 
replaced  by  r.y  when  ha  is  sufficiently  large. 


*  The  derivation  follow  the  treatment  by  P.  Debye,  J.  Cbem. 
Phyi.  9,  55  (1941). 


In  order  to  evaluate  the  integral  in  £q.  (4),  the  molecu¬ 
lar  scattering  data  must  be  known  to  values  of  s  equal 
to  infinity.  In  practice,  only  a  limited  amount  of  data  are 
available.  Nevertheless,  this  limited  data  uniquely  deter¬ 
mines  the  structure  of  a  molecule.  The  prot^ure  used 
is  to  compute  the  following  modified  fimction,* 

/(»■)=  I  slm{s)  exp(—a^)  sinsrds,  (6) 

Jo 

where  fmu  bounds  the  range  of  scattering  data  and  a 
can  be  so  chosen  that  the  integrand  of  Eq.  (6)  makes 
no  essential  contribution  beyond  5m.z.  The  computed 
/(r)  curve,  therefore,  is  the  same  as  that  which  would 
have  been  obtained  if  fmu  approached  infinity.  It  is 
possible  then  to  obtain  the  desi^  function,  D(r),  from 
f{r)  by  making  use  of  the  relationship* 

/(»")  =  — — :  f  D(p)  exp[-  (r- p)V4a]dp,  (7) 

2(Ta)‘*f_« 

where  a  is  the  same  as  that  used  in  Eq.  (6).  The  intro¬ 
duction  of  D(r)  as  defined  in  Eq.  (5)  leads  to  an  evalua¬ 
tion  of  the  integral  in  Eq.  (7),  giving  for  f(r)  the  ex¬ 
pression 

Xexp[- kii(r- r,y)V (4oA,y-f  l)]/2r,y(4oA,y-f  1)*.  (8) 

In  practice,  the  bell-shaped  peaks  which  result  from 
the  computation  of  Eq.  (6)  are  curve  fitted  by  the  func¬ 
tion,  Bii  expC— ff,y(r— r<y)*],  where  JJ,y=A,y/(4flA<y-l-l) 
(see  the  exponent  in  Eq.  (8)).  Since  a  is  the  value  used  in 
computing  Eq.  (6),  ha  can  be  readily  obtained.  The 
values  of  ha  so  determined,  as  pointed  out,  are  the 
measure  of  the  magnitude  of  the  vibrational  motion 
between  pairs  of  atoms  in  a  molecule. 

Equation  (8)  may  be  used  to  illustrate  the  unique 
determination  of  the  function,  D(r),  from  a  limited 
amount  of  data.  By  this  we  mean  in  a  mathematical 
sense  that  the  data  may  be  extended  uniquely  beyond 
its  experimentally  determined  range.  There  is,  of  course, 
always  some  uncertainty  in  experimental  data.  In  a 
practical  sense,  then,  it  is  possible  to  extend  a  function 
on  the  basis  of  a  uniqueness  property  in  a  definite 
fashion  beyond  its  known  experimental  range,  but  the 
uncertainties  in  the  experiment  will  introduce  some 
uncertainty  into  the  extension.  There  is  a  unique  rela¬ 
tion  between  the  function  in  Eq.  (8)  whose  parameters 
may  be  determined  from  experiment  and  the  desired 
function  in  Eq.  (5).  If  ha  and  are  evaluated  by  ap¬ 
plying  Eq.  (8)  to  a  computed  curve,  then  D(r)  is  a 
known  numerical  function  of  r.  From  one  rather  re- 

•  The  damping  factor  txp(—a^)  was  introduced  by  Denud  in 
order  to  improve  radial  distribution  calculations.  See  C.  D^ard, 
Bull.  Soc.  Roy.  Sd.  Liege  12,  383  (1937).  The  effect  of  this  and 
other  damping  factors  on  radial  distribution  curves  has  been 
studied  by*!.  Waser,  Thesis,  California  Institute  of  Technology. 

'E.  C.  lltchmsrsh,  InlroduetioH  to  tho  Theory  of  the  Fourier 
Inletral  (Clarendon  Press,  Oxford,  1937),  p.  51. 
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stricted,  but  simple,  point  of  view,  this  uniqueness  can 
be  based  upon  the  theoretical  result^  that  the  computed 
radial  distribution  curve  cap  be  represented  by  the 
sum  of  Gaussian  distributions.  From  another  point  of 
view,  the  study  of  the  mathematics  of  positive  Fourier 
integrals  shows  that  the  scattering  function,  /(r),  known 
only  in  a  restricted  range  of  angle  is  related  within 
luuTow  bounds  to  only  one  positive  distribution  func¬ 
tion.  This  idea  has  been  used  in  our  laboratory  to  im¬ 
prove  the  accuracy  of  determining  electron  distribu- 
tions*^*)  about  atoms.  The  restrictiveness  of  positive 
functions  has  also  been  found  useful  for  small  angle 
scattering  and  in  the  evaluation  of  the  phases  of  the 
Fourier  coefficients  in  the  determination  of  crystal 
structure. 

In  the  case  of  gas  molecules,  though,  it  is  not  neces¬ 
sary  to  resort  to  powerful  mathematical  arguments  to 
obtain  accurate  information  from  a  restricted  amount  of 
data.  If  the  experimental  curve,/(r),  is  merely  fit  well  by 
a  fimction  in  the  vicinity  of  r (though  the  function  may 
even  become  negative  at  some  larger  distance),  a  good 
evaluation  of  the  desired  D{r)  in  the  vicinity  of  r.->  can 
be  obtained.  This  may  be  seen  from  Eq.  (7)  which 

'  R.  W.  James,  Phyiik.  Zeits.  33,  737  (1932). 

'(a)  H.  Haimtman  and  J.  Karle,  submitted  to  Phys.  Rev. 
(b)  J.  Karle  and  H.  Hauptman,  submitted  to  Acta  Cryst 


shows  that  for  values  of  a  usually  used,  (0.005-0.010), 
the  exponential  function  is  practically  a  delta-function 
so  that  /(f)  is  merely  a  smeared  or  broadened  ver¬ 
sion  of  D(f).  The  main  contribution  of  the  integrand 
of  Eq.  (7)  is  in  the  vicinity  of  p»f. 

The  radial  distribution  curve  yields  three  kinds  of  in¬ 
formation;  the  equilibriiun  interatomic  distances,  an 
evaluation  of  the  vibrational  motion  between  pairs  of 
atoms,  and  the  coefficients  for  the  molecular  scattering 
expression  which  are  related  to  the  areas  under  the 
peaks.  The  structures  of  many  molecules  can  be  com¬ 
pletely  determined  from  radial  distribution  calculations 
alone.  If  several  interatomic  distances  in  a  molecule 
fall  close  together,  however,  the  information  obtainable 
from  a  radial  distribution  curve  is  restricted  and  should 
be  supplemented  by  additional  data  which  can  be  ob¬ 
tained  from  computed  intensity  curves.  The  formula 
to  be  used  is 

^«(^)=S  E ‘^•7exp(-i*/4k,/)  sinif.-y/if,,  (»p^/),  (9) 

•»!  Jr— 1 

where  the  values  of  ca,  ha,  and  f,y  for  various  models 
are  chosen  to  be  consistent  with  the  data  available  from 
the  radial  distribution  curve.  Equation  (9)  has  been 
obtained  by  James^  by  integrate  Eq.  (3),  using  a 
probability  distribution  function  which  is  derived  on 
the  basis  of  Hooke’s  law  forces. 

'PROeSDUSB 

The  diffraction  photographs  were  taken  with  an 
electron  diffraction  camera  which  has  been  constructed 
recently  in  our  laboratory.  The  accelerating  voltage 
usually  used  is  about  40,()00  volts  and  is  regulated  to 
about  one  volt  in  10,0(X).  The  voltage  can  be  read  con¬ 
tinuously  on  a  Type  K  potentiometer.  The  voltage  ob¬ 
tained  from  the  measurement  of  diffraction  rings  on  a 
gold  photograph  agrees  to  within  0.1  percent  with  that 
read  on  the  potentiometer.  The  electron  beam  is  fo¬ 
cused  by  a  focusing  grid  and  two  magnetic  lenses.  The 
beam  passes  through  a  defining  aperture  of  0.1  mm  di¬ 
ameter  and  is  essentially  parallel  between  the  aperture 
and  the  photographic  plate. 

A  rotating  sector  is  incorporated  in  the  specimen 
chamber.  The  sector  is  attached  to  a  ball-bearing  race 
six  inches  in  diameter  which  is  rotated  by  a  synchronous 
motor  using  a  friction  drive.  The  motor  is  in  the  speci¬ 
men  chamber  and  its  operation  does  not  affect  the 
vacuum  nor  the  electron  beam.  When  the  sector  reaches 
a  speed  of  13(X)-1400  r.p.m.,  the  motor  is  turned  off 
and  pulled  away  from  the  race.  The  speed  decreases 
to  about  8(X)  r.p.m.  in  five  seconds  during  which  time  an 
exposure  is  made.  An  r*  sector  which  is  cut  to  qieiate 
between  s  values  of  one  and  35  has  been  used  so  far. 
The  portion  between  s  values  of  zero  to  one  acts  as  a 
beam  stop.  In  order  to  facilitate  the  centering  of  the 
sector  with  respect  to  the  electron  beam,  a  speck  of 
fluorescent  material  is  placed  in  a  0.1-mm  diameter 
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hole  bored  in  the  center  of  the  sector.  Photographs  of 
the  beam  using  this  arrangement  show  that  there  is  no 
correction  for  fogging  required  for  the  exposure  times 
ordinarily  used. 

The  diffraction  patterns  obtained  on  contrast  lan¬ 
tern  slides  are  trac^  on  a  Leeds  and  Northrup  micro¬ 
photometer.  During  the  tracing  they  are  rotated 
rapidly*  in  order  to  average  out  any  irregularities 
caused  by  graininess.  Care  is  taken  to  set  the  aero  of  the 
microphotometer  on  an  unexposed  portion  of  the  plate. 
Traces  obtained  by  this  proc^ure  are  shown  in  Fig.  1. 
The  microphotometer  readings  are  calibrated  to  read 
electron  intensities  by  taking  several  series  of  trans¬ 
mission  photographs  of  evaporated  gold  on  Formvar 
for  various  exposure  times.  The  results  of  such  a  pro¬ 
cedure  are  ea^y  interpreted  since  the  rec4>rocity  law 
holds  for  fast  elections,'*  that  is,  the  exposure  is  equal  to 
the  product  of  the  intensity  and  the  time.  Tlie  gold 
photographs  are  taken  using  the  rotating  sector  and  are 
rotated  during  the  tracing  in  order  to  duplicate  as 
closely  as  possible  the  procedure  used  with  the  ps 
photographs.  A  typical  calibration  curve  is  illustrated 
in  Fig.  2. 

The  microphotometer  readings  are  converted  to 
intensity  readings  which  are  plotted  against  the  variable 
s  and  a  smooth  background  is  drawn  through  the 
oscillations."  It  usually  is  easier  to  draw  the  back¬ 
ground  line  beyond  s  values  of  5  or  6  if  the  experimental 
intensity  curve  is  multiplied  by  r  or  r*  to  accentuate 
the  oscillations  about  the  background.  In  this  respect 


Fig.  2.  Typical  calibration  curve  for  converting  microphotometer 
readings  to  electron  intensities. 


*  Karle,  Hoober,  and  Karle,  J.  Chem.  Phys.  IS,  765  (1947). 

"  (a)  A.  Bedter  and  E.  Ripplum,  Ann.  d.  Physik  (5)  10,  IS 
(1931).  (b)  W.  Bothe,  Zeiu.  f.  Pby^  8,  243  (1922). 

“  Uncertainties  in  the  position  of  the  background  line  affect 
mainly  the  shapes  but  not  the  positions  of  the  maxima  in  tte 
radial  distribution  curve.  Hence,  fairly  reliable  equilibrium  dis¬ 
tances  in  a  molecule  can  be  obtained  from  the  first  computation  of 
a  radial  distribution  curve  and  an  intensity  curve  basM  on  these 
distances  may  be  computed.  The  background  line  may  then  be 
corrected  if  necessary  to  corre^nd  to  the  position  of  the  sero 
axis  in  the  intensity  curve  jmvided  that  no  sudden  changes  occur 
in  curvature  of  this  line.  This  procedure  may  be  repeated  until 
it  is  evident  that  no  additional  improvement  is  pwble.  The 
improvement  in  the  position  of  the  background  line  should  ordi¬ 
narily  be  accompanied  by  a  decrease  in  the  magnitude  of  the 
nentive  portions  of  the  radial  distribution  curve.  Ideally,  the 
radiid  distribution  curve  should  be  poutive. 


Fig.  3.  The  imper  curve  represents  the  intensity  obtained  from 
a  fairly  darit  photograph  of  CCU  taken  with  an  s'  sector.  TIm 
lower  curve  represents  the  intensity  from  the  upper  curve  multi¬ 
plied  by  s'.  Background  curves  are  drawn  thiooi^  the  oadllations. 

our  experiments  would  probably  have  been  aided  by 
the  use  of  a  sector  cut  to  a  power  of  s  higher  than  2. 
Figure  3  Ulustrates  how  the  background  line  was  drawn 
for  an  intensity  curve  from  a  photograph  of  CCU  whose 
useful  density  range  covers  values  from  seven  to  27. 
The- molecular  scattering  is  obtained  by  dividing  the 
experimental  intensity  by  the  background  curve.  This 
procedure  not  only  eliminates  the  background  scatter¬ 
ing  but  replaces  by  constants,  except  at  low  s  values, 
the  variable  coefficients  in  the  molecular  scattering  ex¬ 
pression.  It  is  possible  to  measure  the  intensity  of 
molecular  scattering  to  much  higher  accuracy  than 
may  be  implied  by  the  inaccuracies  in  determining  the 
absolute  intensity.  The  inaccuracy  in  absolute  measure¬ 
ment  may  be  greater  than  the  magnitude  of  an  oscilla¬ 
tion  at  the  larger  scattering  angles.  However,  molecular 
intensity  measurements  concern  the  magnitude  of  an 
oscillation  relative  to  a  background  line.  The  accuracy 
is  therefore  determined  by  the  amplitude  of  an  oscilla¬ 
tion  rather  than  by  the  measurement  of  total  photo¬ 
graphic  intensity.  Five  photographs  ranging  from  light 
to  heavy  eiqxMures  were  used  to  obtain  the  molecular 
scattering  curves.  The  uf^iermost  curves  in  Figs.  4  and 
5  are  the  experimental  molecular  scattering  curves  for 
ecu  and  COt.  The  upper  curve  in  Fig.  5  shows  the 
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Fig.  4.  The  three  curves  represent  the  experimental  molecular 
scattering,  the  calculated  molecular  scattering,  and  the  radial 
distribution  for  CCU.  The  vertical  scales  for  the  molecular  scatter¬ 
ing  curves  are  the  same. 


Fig.  5.  The  three  curves  represent  the  experimental  molecular 
scattering,  the  calculated  molecular  scattering,  and  die  radial 
distribution  for  COt.  The  dots  in  the  imper  curve  are  the  eqicri- 
mental  points  obtained  in  five  independent  experiments.  Many  of 
the  points  lie  on  the  curve  itself.  The  vertical  scales  for  the  mdecu- 
lar  scattering  curves  are  the  same. 


spread  of  experimental  points  for  COj.  The  magnitudes 
of  the  maxima  and  minima  in  this  experimental  curve 
are  known  to  within  hve  percent.  The  characteristic 
asymmetry  in  the  maxima  and  minima  is  well  defined. 

A  radial  distribution  curve  is  calculated  using  the 
experimental  data.  The  integral  in  Eq.  (6)  is  replaced 
by  a  summation  where  the  5  interval  is  0.2.  For  the  CCI4 
and  CO]  computations,  maximum  s  was  25  and  a  was 
chosen  to  be  0.0057.  The  calculations  were  performed 
with  the  aid  of  punched  cards  and  I.B.M.  machines.*’ 
In  the  experimental  intensity  curve  there  is  no  useful 
data  below  s  values  of  two  and  the  region  below  s 
values  of  three  or  four  does  not  represent  a  molecular 
scattering  curve  with  constant  coefficients.  Hence,  the 
ref  ton  between  s  values  of  zero  to  three  or  four  is  re¬ 
placed  by  an  intensity  curve  computed  with  constant 
coefficients  from  an  assumed  model.  If  this  model  is 
inconsistent  with  the  results  of  the  radial  distribution 
calculation,  the  calculated  portion  of  the  intensity 
curve  is  adjusted  and  a  new  radial  distribution  curve  is 
computed.  With  this  method  of  successive  approxima¬ 
tions,  relatively  few  calculations  need  be  made.  The 
radial  distribution  curve  should  consist  of  a  series  of 

“Shaffer,  Schomaker,  and  Pauling,  J.  Chem.  Phys.  14,  659 
(1946). 


positive  peaks,  since  the  scattering  from  the  electronic 
shells  of  the  atoms  has  been  eliminated.  The  radial 
distribution  curves  for  CCU  and  CO]  are  illustrated  in 
Fi^.  4  and  5.* 

Each  peak  of  the' radial  distribution  curve  is  fitted 
with  the  function  ^o-expC— Ai,(>’~»’»7)V(4<i*t7+l)l 
Eq.  (8),  to  obtain  A,y  and  r,7  values.  Only  the  upper  two- 
thirds  of  a  peak  is  used  in  order  to  minimize  the  effect 
from  small  oscillations  in  the  base  line.  Relative  values 
of  the  coefficients  £,->  which  are  used  in  the  calculated 
intensity  curves  can  be  obtained  in  two  ways;  (a)  each 
Cij  value  is  proportional  to  the  area  under  its  corre¬ 
sponding  peak  multiplied  by  the  equilibrium  distance 
associated  with  that  peak,  or  (b)  the  maximum  value 
of  the  peak,  B.y,  is  proportional  to  c,7(A<,)  V»’<i(4<iA<y-|- 1)*. 
Using  the  experimental  ha,  r<y,  and  aj  values,  theoreti¬ 
cal  intensity  curves  were  computed  for  CCI4  and  CO] 

*  Nolt  added  in  proof. — Recent  investigations  in  our  laboratory 
on  more  complicated  molecules  have  demonstrated  that  extra¬ 
neous  oscillaUons  such  as  those  which  wpear  in  the  f(r)  curves 
of  Figs.  4  and  5  can  be  considerably  reduced  by  readjusting  the 
background  line  in  the  total  intensity  curves.  It  has  also  been 
found  that  a  peak  in  the  radial  distribution  curve  formed  from 
several  interatomic  distances  may  be  decomposed  into  its  com¬ 
ponents  which  yield  directly  the  detailed  structure  of  the  molecule. 
Computed  molecular  intensity  curves  ate  used  mainly  to  establish 
the  range  of  uncertainty. 
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using  £q.  (9).  As  expected,  these  were  found  to  agree 
very  well  with  the  experimental  curves  (Figs.  4  and  5). 
In  this  instance,  the  calculated  intensity  curves  merely 
illustrate  the  consistency  of  the  procure.  On  the 
other  hand,  when  there  are  structural  features  that  are 
not  resolved  in  the  radial  distribution  curve,  more 
emphasis  will  have  to  be  placed  on  theoretical  intensity 
curves. 

RESULTS 

The  experimental  results  are  listed  in  Table  I.  For 
CO»,  the  C— O  distance  compiares  favorably  with  the 
spectroscopic  result  of  1.163A  for  the  equilibrium  value. 
The  experimentally  determined  values  for  the  0—0 
distance  is  not  exactly  double  the  value  for  the  C— O 
distance.  This  deviation,  however,  falls  within  the.  ex¬ 
perimental  uncertainty.  The  average  amplitude  of  the 
vibrations  of  the  C— O  bond  was  calculated  from  ^jec- 
troscopic  data  using  the  expression* 

P=1/2A=(mi-|-mj)/2«,  (10) 

where  a  is  the  force  constant  between  the  C  and  O 
atoms  and  n  is  the  average  energy  of  an  oscillator  given 
by  Planck’s  expression,  it=h»/2+kv/(exp(hv/fiT)—l). 
The  expression  for  the  0—0  distance  is 

(11) 

The  numerical  values  used  were  a==  15.5X10*  dynes 
cm“*,  •'1=4.0X10“  sec.~‘,  and  •'*=7.0X10“  sec.~‘.“ 
The  electron  diffraction  value  for  (?)*  for  the  C— O 
distance  agrees  well  with  the  spectroscopic  value.  The 
difference  between  the  electron  diffraction  and  the 
spectroscopic  values  of  (f)*  for  the  0—0  distance  may 
be  attributed  mainly  to  the  fact  that  the  0-0  peak 
in  the  radial  distribution  curve  is  small  which  makes  the 
determination  less  accurate.  In  addition,  it  should  be 
noted  that  the  spectroscopic  value  is  computed  from  a 
simplified  theory  (Eq.  (11)). 

There  are  no  spectroscopic  values  for  the  interatomic 
distances  in  CCU  available  for  comparison.  Our  values 
may  be  compared  with  other  electron  diffraction  de¬ 
terminations.  Finbak  and  HasseP^’  obtained  1.770A 
and  2.876A  for  the  C— Cl  and  Cl— Cl  distances  using 
their  sector  method.  Pauling  and  Brockway**  obtained 
1.76A  and  2.87A  for  the  C— Cl  and  Cl— Cl  distances 
using  the  visual  method.  The  spectroscopic  values  for 
the  vibrational  motion  between  the  C— Cl  and  Cl— Cl 
pairs  listed  in  Table  I  have  been  computed  by  James’ 
using  the  central  force  model.  Rosenthal**  has  shown 
that  CH*  is  the  only  tetrahedral  molecule  to  which  the 
central  force  model  is  applicable.  By  applying  a  general 
force  field  to  tetrahedral  molecules,  Rosenthal**  ob¬ 
tained  a  value  of  3.6X10*  dynes  cm"*  for  the  C— Cl 

“G.  Herxberg,  Infra-Red  and  Raman  Spectra  of  Polyatomic 
Molecules  (D.  Nostrand  Company,  Inc.,  New  York,  1945), 
p.  173. 

L.  Pauling  and  L.  0.  Brockway,  J.  Chem.  Phys.  2, 867  (1934). 

“  J.  RosenAal,  Phys.  Rev.  46,  730  (1934). 

“  J.  Rosenthal,  Phys.  Rev.  49,  535  (1936). 


Tabu  I. 


ro(A) 

dW. 

C-Cl 

CCU 

1.770^0.010 

0.041:E0.005 

0.055 

Cl-CI 

2.877d*0.020 

0.054^0.005 

0.071 

C-0 

CO* 

1.162^0.010 

0.034±0.003 

0.034 

0-0 

2.310d:0.020 

0.040±0.007 

0.029 

force  constant  in  CCl*.  This  is  larger  than  the  value 
2.0X  10*  d)mes  cm~‘  used  by  James  and  implies  that  the 
amplitude  for  the  vibrational  motion  obtained  by  James 
is  too  large.  Better  agreement  between  the  electron 
diffraction  and  spectroscopic  e  ’ons  of  the  vibra¬ 
tional  motion  can  be  expected  re  from  a  recalcu¬ 

lation  of  the  spectroscopic  vaiii  ased  on  the  more 
general  force  model  for  CCl*. 

It  should  be  mentioned  that  even  very  small  vibra¬ 
tions  like  those  found  in  CCU  and  CO*  damp  the  in¬ 
tensity  of  molecular  scattering  considerably.  For  CCU 
the  intensity  at  ;  equal  to  25  is  60  percent  less  than  it 
would  be  for  a  rigid  structure  while  for  CO*  the  in¬ 
tensity  is  35  percent  less. 

The  Cij  values  were  obtained  from  the  radial  distribu¬ 
tion  pea^  using  the  methods  given  above.  For  CO*  the 
value  foimd  for  the  ratio  cc-o/co-^  is  1.50=b0.02.  This 
value  may  be  compared  to  the  ratio  2ZcZo/ZoZo  which 
also  is  equal  to  l.%.  Zc  and  Zo  are  the  atomic  numbers 
of  carbon  and  oxygen.  For  CCU  the  experimental  values 
of  the  ratio  cci-ci/cc-cj  is  4.22±0.04  whereas  the  ratio 
3Zci^ci/2ZcZci  equals  4.25.  These  figures  indicate 
that  the  scattering  factors  of  the  atoms  involved  have 
about  the  same  shape  and  that  their  variability  with  re¬ 
spect  to  the  angle  variable  s  can  be  eliminated  by  divid¬ 
ing  the  total  scattering  by  the  background  scattering. 

An  approximation  was  made  in  Eq.  (5)  by  replacing 
the  variable  r  in  the  denominator  by  the  equilibrium 
distance  ri,-.  The  effect  of  this  approximation  on  the 
determination  of  the  equilibrium  distances  is  very 
small.  The  correction  is  equal  to  Xllkipra  and  amounts 
to  not  more  than  O.OOIA  for  the  CO*  and  CCU  mole¬ 
cules.  There  is  a  negligible  effect  on  the  shape  of  the 
peak. 

DISCUSSION 

The  results  on  CCU  and  CO*  indicate  that  accurate 
intensity  data  can  be  obtained  from  electron  diffraction 
investigations  of  gases.  This  is  borne  out  by  the  results 
in  Table  I  and  also  by  the  fact  that  the  radial  distribu¬ 
tion  curves  are  essentially  positive.  Relatively  liltle 
error  in  the  experimental  intensity  can  yield  large  nega¬ 
tive  fluctuations  in  the  radial  distribution  curves. 
By  the  procedure  described  above  the  magnitude  and 
shape  of  the  various  features  of  the  diffraction  pattern 
can  be  reliably  determined,  thus  minimizing  consider¬ 
ably  the  uncertainties  which  are  bound  to  arise  in  the 
visual  examination  of  the  diffraction  photographs.  The 
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Fig.  6.  The  solid  lines  are  the  experimental  scattering  curves 
obtained  with  an  i*  sector  for  CCU  and  COt.  The  dotted  lines 
represent  the  background  scattering  calculate  from  tabulated 
values  and  multipliM  by  s’. 

visual  method  can  be  used  with  confidence  to  de¬ 
termine  the  equilibrium  distances  in  a  molecule  if  the 
diffraction  pattern  consists  of  well-defined  maTima 
and  mmima  and  if  the  determination  can  be  baaed 
mainly  on  the  positions  of  these  maxima  and  minima. 
When  the  determination  of  a  molecular  structure  de¬ 
pends  upon  the  relative  intensities  of  the  maxima  and 
minima  or  upon  special  features  such  as  shelves  or 
asymmetries,  the  results  from  the  visual  method  may  be 
considerably  less  rehable. 

There  is  sufficient  difference  between  the  procedure 
developed  by  the  Norwegian  school  and  the  one  pre¬ 
sented  here  to  merit  some  comment.  In  their  analysis 
of  the  diffraction  data,  the  molecular  scattering  curve  is 
obtained  using  the  expression’^°’ 


where  Pt(s)  is  the  density  reading  on  a  microphotometer 
trace  of  a  diffraction  photograph,  F,(s)  is  the  back¬ 
ground  curve  drawn  on  this  trace  to  represent  the 
atomic  scattering,  and  nii(Zi—Fi)*+T^iSil/s*  is  the 
coherent  plus  incoherent  atomic  scattering  where  Z,  is 
the  atomic  number.  Ft  is  the  atomic  scattering  factor 
for  x-rays,  and  Si  is  the  incoherent  scattering  function 
tabulated  by  Bewilogua.*'  Our  procedure  differs  in  that 
the  molecular  scattering  function  with  constant  coeffi¬ 
cients  is  obtained  from  the  expression 

/«(5)=A:— -1,  (13) 

J 

"  L.  BewUogua,  Physik.  Zeits.  32,  740  (1931). 


where  the  plmtographic  dei^ty  readings  have  beei 
converted  to  intensity  readings.  In  addition,  we  do  not 
reintroduce  the  variable  scattering  factors  once  they 
have  been  eliminated  by  dividing  by  the  background. 
The  disadvantage  of  using  Eq.  (12)  for  the  molecular 
scattering  function  is  that  a  proper  Fouri»  inversion 
cannot  be  made  on  an  intensity  function  whose  co^- 
cients  (correq»nding  to  the  aj  in  Eq.  (4a))  are  func¬ 
tions  of  s.  The  use  of  Eq.  (12)  in  a  Fourier  transform 
affects  the  accuracy  of  determining  the  equilibrium 
distances  in  a  molerak  very  little.  However,  it  is  not 
possible  to  use  such  a  curve  for  the  evaluation  of  the 
vibrational  motion  in  a  molecule. 

The  background  scattering  merits  some  discussion. 
It  has  always  been  considered  that  the  background 
scattering  in  electron  diffraction  patterns  of  gases  can 
be  represented  by 

Us)^(K/s*)[E(^i-Fi)*-hi:Si3.  (14) 

<  i 

The  results  of  our  experiments  are  shown  in  Fig.  6 
where  the  dotted  lines  represent  Eq.  (14)  calculated 
from  tabulated  values  and  multiplied  by  r*,  and  the 
solid  line  is  the  experimental  scattering  obtained  with  an 
r*  sector  for  CCU  &nd  COt.  Theotelically,  the  solid  line 
should  oscillate  about  the  dotted  line.  The  same  type  of 
discrepancy  is  aj^iarent  from  the  examination  of  pub¬ 
lished  microphotometer  traces  by  the  Norwegian  school* 
and  by  Yearian  and  Barss.'*  Experiments  on  the  scatter¬ 
ing  from  free  atoms  have  been  performed  and  are  being 
continued  to  establish  with  certainty  that  the  sh^  of 
the  background  is  not  a  result  of  some  error  in  the 
technique  of  performing  the  diffraction  experiment. 
The  consistency  obtained  in  our  experiments  to  date  in¬ 
dicates  that  the  theory  of  the  background  scattering 
may  be  incorrect.  It  is  obvious,  however,  from  the 
procedure  described  in  this  paper  that  it  is  not  neces¬ 
sary  to  have  a  theoretical  expression  for  the  badeground 
scattering  for  the  determination  of  molecular  struc¬ 
tures. 

We  wish  to  thank  Professor  V.  Schomaker  of  the 
California  Institute  of  Technology  for  making  available 
to  us  a  set  of  punched  cards  developed  in  his  laboratory 
for  performing  electron  diffraction  computations.  We 
also  wish  to  thank  the  Naval  Ordnance  ^boratory  for 
making  available  their  mechanized  analysb  facilities 
and  the  Washington  Office  of  the  International  Business 
Machine  Corporation  for  their  fine  cooperation. 
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Crystal  and  Molecular  Structure  of  p,p'-Dimethoxybenzophenone  by  the 

Direct  Probability  Method 
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U.S.  Navnl  Rmearrk  Laboratory,  Waakin^on,  D.f'.,  U.S.A. 


{Rfcrived  29  Auyust  19S7) 

1'Ik^  stnirtiiiv  of  ;>,p'-ilimt‘thoxybcn7.ophenono  haa  brrn  ili'terminiHl  from  X-ray  ainRle-rrj-stiil 
(iutn.  TIh!  Npocc  ftriHip  ia  /’2,/o  and  therp  are  fight  molfculee  in  the  unit  roll.  The  rell  paramftfrs 
an-  «  —  l(i'43,  b  —  Ki-OS,  r  —  9-(l2  A,  /J  =  100*^  16'.  The  phaaea  of  the  largi'xt  270  normali/j**]  atriif- 
tiirf  fneturH,  wort'  (Iftenninod  directly  by  prohability  methoda  (Hauptman  A  Karle).  A  Fourier 
map  with  theae  E^  as  coidficienta  revcakKi  the  atructure,  which  was  improved  by  the  least- 
s<|oan-H  method.  A  line  connecting  the  methoxy  oxygens  within  a  mok^ciile  is  almost  (larallel  to 
th(<  b  axis  and  a  ai'cond  molecule  is  shifted  by  approximatidy  from  the  first,  pxct>pt  that  the 
eorn‘H|ionding  lN>nzene  rings  of  the  adjacent  molecules  are  twisted  in  opposite  diri'Ctions.  The 
methyl  carbons  lie  ahnost  in  the  planes  of  the  adjacent  bensene  rings. 

Also  included  in  this  paper  is  a  iliacusaion  of  the  limitations  of  X,  for  P2ja  and  the  theoretical 
Imsis  for  the  use  of  an  £  map. 


1.  Introduction 

By  this  time  several  structures  have  been  determined 
using  the  direct  probability  method  presented  in 
Monograph  I  (Hauptman  &  Karle,  1963).  Christ, 
Clark  &  Evans  (1964)  have  found  the  structure  of 
l  olemanite  and  Christ  &  Clark  (1966)  have  found  the 
structure  of  meyerhofferite.  Bertaut  &  Blum  (1969) 
have  derived  the  forms  for  Ei,  Z*,  and  of  Mono¬ 
graph  I  appropriate  to  the  space  group  Bbmm,  and 
have  applied  them  to  solving  the  structure  of  Ti,CaO(. 

Vand  &  Pepinsky  (1953)  purported  to  demonstrate 
the  failure  of  the  methods  based  on  the  joint  prob¬ 
ability  distributions  of  Monograph  I  by  means  of  a 
simple  planar  four-atom  structure.  However,  Bertaut 
( 19-^6),  using  the  probability  formulas  appropriate  to 
the  correct  space  group,  p4m,  easily  obtained  the  true 
structure,  thus  nullifying  the  claim  based  on  this  four- 
atom  problem. 

The  X-ray  structure  analysis  of  p,p'-dimethoxy- 
benzophenone, 

O 


the  most  complex  structure  thus  far  studied  by  direct 
probability  methods,  is  described  in  this  paper.  Signs 
for  the  largest  normalized  structure  factors  {E)  were 
determined  directly  from  the  magnitudes  of  the  in¬ 
tensities  alone  by  the  probability  methods  of  Mono¬ 
graph  I.  These  signs  were  used  to  compute  a  three- 
dimensional  E  map,  which  revealed  the  structure 
immediately.  The  coordinates  obtained  from  this  map 
were  then  improved  using  a  three-dimensional  least- 
squares  procedure.  A  note  concerning  this  structure 
has  been  published  by  us  (Karle,  Hauptman,  Karle  A 
Wing.  1967). 


2.  ExpcrinMntal  measurcmeata 

The  crystals  used  in  this  investigation  were  grown  by 
Mr  C.  E.  Miller  of  Bell  Telephone  Laboratories.  Dr 
S.  Geller  suggested  that  we  apply  the  probability 
methods  to  this  material  and  supplied  us  with  crys¬ 
tallographic  data  and  preliminary  diffraction  photo¬ 
graphs. 

llie  crystals  were  colorless,  opaque  needles  with  the 
c  axis  as  the  needle  axis.  The  dimensions  of  the  unit 
cell  were  obtained  from  rotation  and  Weissenberg 
pboU^aphs.  The  crystallographic  data  are: 

a  =  16-43,  6  -  16-03,  c  -  9-62  A,  ^  =  100°  l.V, 
space  group  P2,/a,  Z  =  8  , 
p(X-ray)  =  1-289,  pfphysical)  =  1-259  . 

There  are  30  carbon  atoms,  6  oxygen  atoms,  and  28 
hydrogen  atoms  in  general  positions  in  an  asymmetric 
unit. 

Equi-inclination  Weissenberg  photographs  were 
taken  about  the  three  cr3-stal)ographic  axes,  using 
nickel-filtered  copper  radiation.  Five  exposure  se¬ 
quences  were  made  of  each  layer.  The  intensities 
were  estimated  visually,  using  a  calibrated  comparison 
strip,  and  corrections  were  made  for  Lorentz  and 
polarization  factors,  obliquity,  (.Xj,  <x,  resolution  and 
spot  size  (Wing  &  Birks,  1954).  5627  independent 
reflections  were  measured,  almost  the  entire  copper 
sphere,  of  which  1261  intensities  were  observed  to  be 
zero.  The  data  were  corrected  for  vibrational  motion 
and  placed  on  an  absolute  scale  by  means  of  a  X  curve 
(Karle  &  Hauptman,  1953;  see  also  Wilson,  1949), 
thus  giving  F^.  From  these,  the  magnitudes  of  the 
normalized  structure  factors  were  computed  bv  means 
of 

=  (21) 
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wlifrt*,  for  siMKf  giTtup  Pija,  e  ^  2  when  h  ia  MM  or 
Oki)  hikI  r  I  otherwise,  N  is  the  number  of  atoms 
ill  till'  unit  cell,  iinil  fj  is  the  atomic  scattering  factor 
of  the  jth  atom. 

The  theoretical  probability  distribution  of  a  struc- 
tun-  factor  in  a  centnisymmetric  crystal  predicts  32% 
of  all  |A'|  >  1,  r>V„  of  all  |£|  >  2,  and  0-3%  of  all 
|A’|  >  3.  The  actual  distribution  of  |£|  for  this  crystal 
was  found  to  lie  2J>%  greater  tiian  1,  6%  greater  than 
2  and  1-4%  git^ater  than  3.  Theoretically,  for  a  centra- 
symmetric  crystid  the  following  averages  occur: 

<|A’|>  =  0-7t»8.  (lS*y  -  1-0  and  <|ir*-ll>  =  0-968  . 
For  this  crystal  the  values  fur  these  averages  were: 
<|A’|>  -  0  075,  <A’*>  -  (1-986,  and  <|A*-l|>  =117. 


^gonumetric  relations,  (3-1)  can  he  rewritten  in  the 
form 


or 


1 


'yj  E 

(3-2) 

U...3/-I  (-«)*  ‘A. 

(3-:i) 

where 

4  A-/4 

Jf  =  ^  .2r’((— l)*'*  +  COs4ff(Ax/  !  fz/)]  COs4.Tf-y; 

" /-I 


+  ^  ^  {(-!)**'  cos  2;r[A(*,-t  r,.)  )  /(r,  : 

-tcos  2w[A(j:i-j:,.)-(  /(3y-2,.)]l 
X  {( - 1  cos  ^  9 A  +  C'W  ~nk(!f,-y,.) J  . 


3.  Determination  of  the  phases 


Sign  determination  by  the  probability  formulas  in 
Monograph  I*  requires  only  the  knowledge  of  the 
space  group,  and  the  magnitudes  of  the  normalized 
structure  factors.  The  chemical  composition  oi  the 
unit  cell,  although  useful,  is  not  requir^  for  the  struc¬ 
ture  determination.  To  facilitate  the  determination  of 
the  phases,  the  Ekni  were  arranged  in  order  of  descend¬ 
ing  E  magnitudes  in  groups  where  the  indices  were 
gOg,  OgO,  ggg,  ggu,  guu,  gug,  ugu,  ugg,  uttg,  and  uv« 
{g  =  even,  u  =  uneven).  The  .^-1  values  were  also 
listed.  It  was  immediately  apparent  from  the  E  values 
that  the  reflections  with  I  even  were  considerably 
stronger  than  those  with  I  odd.  Furthermore,  in  the 
groups  ggg  and  ugu  the  reflections  with  A=4,8,12, . . . 
were  much  stronger  than  those  with  A  =  2, 6, 10,  . . . 
and  in  the  groups  ugg  and  ggu  all  the  strong  reflections 

had  jfc  =  2,  6,  10, _ There  was  no  particiUar  pattern 

for  k  odd.  Since  an  ordered  distribution  of  normalized 
intensities  {E*)  with  respect  to  the  k  index  existed  for 
this  crystal,  it  was  necessary  to  examine  the  effect  it 
would  have  on  the  phase-determining  formulas. 

The  square  of  the  normalized  structure  factor  for 
P2ila  for  the  case  of  equal  atoms  is 


El. 
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COS* 


16  •'/♦cos* 
vr -1'  .  ,2n(krf  +  U,)  .  ^2nky, 
iV,_,sin*  sin*  ' 
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16  ^cos 

N  /.^/-sin 


27i{hx]  I  hi) 


COB 
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2n{1ur,.  H-fe^-) 


X  .  2nkyf  .  2nfcyy. ,  (3-1) 

sin  sin  ' 

where  the  cosine  terms  apply  to  the  case  where  h+k 
is  even  and  the  sine  terms  to  h+k  odd.  Using  various 


•  Since  the  solution  of  this  crystal  slructiire,  morn  powerful 
phasivjlelermininz  fortnulns  Imvn  (e'en  ficriveil  (see  Haiipt- 
mitn  A  Kwric,  l!ir>7,  lliliHiuiil  Karin  ft  Hauplmnn,  1057,  IU5H). 


Upon  averaging  over  the  index  k,  e.vpn-ssioiis  (3-2) 
and  (3'3)  bc^me 


=  <«.>i +</?*>! +Wi  (.T4) 

and 

^(— l)*+*(i^i— l))j.  = 

(••l-o) 

where  we  find,  for  example, 

<^i>»  =  Tr  -i’  cw  2n\h(x,-xA  \  l(z,-zA] .  (3-«l) 

4  A’  4 

<^4>I  =  V  A'  27r[A(r,-i-3:,.)4  f(r,  V)) .  (^I  ") 

and  the  indices  v  and  v'  range  over  those  values  of 
j  -=  1,2,  ...,N  for  which  =  0,  (y,  #=  0  or  J). 

In  other  words,  the  subscripts  v,  v'  refer  only  to  those 
pairs  of  atoms  whose  y  coordinates  0  or  j)  are  the 
same.  Similar  expressions  are  obtained  for  and 
<A,>*  with  y,-t-y,.  =  0  (y,  =♦=  0  or  J)  and  for  “"‘I 
<J2*X  Sfr  =  Fr-  ■=  0  or  |.  In  the  general  case  where 
y,  4^  ±y,’  and  y,  0  or  |,  then  ail  the  remainder  terms 
reduce  to  zero.  Consequently,  in  the  general 
case,  the  value  of  (3-4)  is  zero,  and  (3*6)  becomes  the 
phase-determining  formula  Z']  for  P2Ja  (Hauptman 
ft  Karle,  1963).  Obviously,  if  many  pairs  of  atoms 
in  the  asymmetric  unit  have  the  same  y  coordinate  or 
are  in  the  planes  y  =  0  or  the  remainder  term  in 
(3-5)  can  b^nie  significant  and  the  signs  for 
determined  from  Z|  may  not  be  reliable. 

An  estimate  of  the  feasibility  for  using  Z,  in  P'2,/ra 
can  be  made  from  the  value  of  the  quantity 
0^^*H“Oi-IX.i*  which  is  first  averaged  over  k  for 
fixed-  A,  I  and  then  over  all  A,  1.  If  the  y  coordinates 
of  the  atoms  are  not  equal  to  U  or  ^  or  to  each  other, 
then  the  above  quantity  should  have  a  value  near  zero. 
Deviations  from  zero  are  expected  since  a  finite 
number  of  data  are  used  in  the  averages.  In  this 
crystal,  however,  the  value  of  the  average  was  0-668, 
two  to  three  times  the  value  to  Ix^  expected  from  the 
sizt;  of  sample  used  if  the  magnitudes  of  no  two  y 
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I'oorilinatos  wrrt'  i<l(‘nti<^al.  Ttuia  the  ciinditions  for  the 
exact  validity  of  2,',  for  P2,/Vi  were  not  fulfilled. 
'I'lK'Pi'fore,  the  list*  of  this  foriiiula  would  require  the 
establishment  of  a  hit'll  level  of  rejection,  i.e.  a  sign 
««»nl<l  Ih*  aeec'pte<l  only  if  the  value  of  2,',  were  un¬ 
usually  large  when  compared  with  its  standard  devia¬ 
tion.  As  it  turne«l  out,  the  values  of  27i  for  P2,/o  were 
sufficiently  large  for  only  three  of  the  E^,  the 
magnitudes  of  which  were  tixi  small  to  be  useful  in 
rlie  early  stagl^  of  the  phase-determining  procedure. 
Accordingly  v27i  for  /'2,/a  w'as  not  useful,  and  it  was 
decultMl  to  t^it  the  crystal  as  if  it  were  in  PI. 

A  similar  anaij’sis  can  be  made  for  the  X*,  formula 
for  0  in  which  case  atoms  having  both  the  same 
.r  and  z  coonlinates  introduce  a  limitation.  For  this 
tiryatal  the  value  of  Oa.iD*  0'221,  a  value 

several  times  larger  than  that  expected  from  the 
luiniber  of  terms  in  this  average.  Accordingly,  only 
one  sign  was  determined  using  this  formula,  — 

-2-41.  As  it  happened  this  sign  was  not  useful  in  the 
earlier  stages  of  the  phase  determination,  but  later  on 
playetl  the  role  of  corroborating  phases  obtained 
otherwise. 

The  2/,  formula  in  space  group  Pi  is  not  subject  to 
the  same  limitations  as  2/,  in  P2,/a.  Therefore  the 
initial  phases  from  which  the  rest  of  the  phases  were 
obtained  were  determined  using  Z,  for  Pi, 

sA:.,h~a(P|-l),  (3-8) 

where  k  symbolizes  ‘sign  of’  and  ^  means  ‘probably  is’. 
Here  a  phase  is  determined  only  from  the  magnitude 
of  one  other  reflection.  In  order  to  have  a  high  prob¬ 
ability  that  the  phase  indication  is  correct,  it  is  neces¬ 
sary  that  both  Elf,  and  1  have  large  magnitudes. 
Since  the  largest  negative  value  that  E*—l  can  have 
is  —  I ,  whereas  the  positive  values  can  be  much 


Table  1 

P+{l!lth) 


2h 

A'ih 

h 

Al-I 

<") 

(6) 

4 

4  10 

3- 10 

2215 

1-704 

0-87 

0-97 

10 

4  4 

3-18 

-.22 

!  10-61 

0-04 

~1-00 

12 

4  (i 

207 

623 

1  n(H) 

0-00 

~100 

S 

4  2 

2-3.'t 

421 

+  6-03 

0-80 

0-84 

greater  than  +1,  only  positive  signs  are  obtaineil  with 
2.’,  in  a  structure  of  this  complexity.  For  this  crystal, 
signs  for  four  reflections  were  accepted  with  this 
formula.  They  are  listed  in  Table  1. 

P, ,  iiulicates  the  probability  that  a  particular 
sign  is  positive.  Values  in  column  (a)  were  computed 
from  the  hyperlmlic  tangent  formula  of  W(K>lfKon 
(1954)  and  those  in  column  {h)  fixim  (3-29)  in  Mono¬ 
graph  I.  Both  formulas  give  approximate  values  of  the 
probability  but  they  are  sufficiently  accurate  to 
indicate  whether  a  sign  should  be  accepted.  A  mort> 
accurate  value  of  the  probability  can  be  obtained  bv 
taking  higher-order  approximations  in  deriving  the 
joint  probability  (see  (3-03)  and  p.  43  in  Monograph  I). 

Next,  formula  2^  was  used  to  expand  the  table  of 
signs, 

~  .®2k(A'h+k~  I)  •  (3-9) 

k 

In  this  formula,  the  signs  of  several  P^k  must  be 
known  in  order  to  determine  the  sign  of  an  E^^. 
Again,  only  reflections  with  large  E  values  arc  ex¬ 
amined  so  that  the  probability  of  assigning  a  correct 
sign  is  high.  An  example  of  applying  to  find  the 
sign  of  is  shown  in  Table  2.  For  this  application 

it  is  convenient  to  have  a  numerical  listing  of  all  the 
indices  in  dictionary  order  with  their  \E\  and  E*-l 
values,  in  order  to  look  up  the  necessary  — 1  terms. 
From  the  10,4,4  term  alone,  the  P.).(Pu.8.8)  ^ 
When  the  other  E^^  with  known  signs  were  included 
in  the  summation,  the  P+{E^i^^  g)  rose  to  almost 
certainty. 

Only  those  signs  were  accepted  for  which  the  cor- 
respmiding  probability  was  high.  Of  course,  there 
were  some  for  which  27,  was  indeterminate.  After 
quite  a  few  -f-  signs  had  been  assigned,  it  was  possible 
to  get  —  signs  from  with  a  high  probability.  An 
example  is  illustrated  in  Table  3. 

Since.®*—  1  cannot  be  greater  than  —  1  in  the  negative 
direction,  many  negative  terms  are  needed  to  get  a 
large  P_(®4b)-  Th®  one  term  alone  in  the  example 
gave  P_(®2b)  =  0-61.  It  was  found,  how-ever,  that  a 
great  majority  of  the  contributing  terms  gave  an 
indication  of  a  negative  sign. 

When  about  15-25  signs  had  been  found  with 


2h  ^  T2  8  8 

2k  =  10  4  4 
h-hk  =16  6 
k-l=  +00‘‘ 

»A'ih 


Table  2 
{Bt^=  5-»7)  _ 

10  4  4  10  4  4  10  4  4  (A'.k  =  H  318) 

126  1122  TT62 

-f3-4r>  —1-00  +13-3r> 

-(-318(-fO-O4-H3-45-1  00-|-13-36)-)-. . . 


Table  3 


‘2h  =082 
2k  =  T2  8  8 


h  I  k  =68  .'5 


(BsU  =  30t») 

12  8  8  12  8  8  12  8  8 
it  0  6  8  3  6  0  3 

-0-86  —0-02  -O-OO 


~  +5-67(-0-7»-0-86-0-92-0-09)-|-  . . . 


(Bik  —  -i  **t'67) 


Twolim 
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tin  y  wtTo  n'iU'rated  in  i’j  to  check  for  internal  con¬ 
sistency.  At  this  ]M>int  there  were  a  Bufficient  numlxT 
of  known  Kigns  to  uae 

sEff s  ^  ^  ,  (3'Itt) 

k 

In  I  his  formula,  the  signs  of  both  E^  and  £|||k  need 
to  l)e  known  in  order  to  obtain  the  sign  of  E^.  Again, 
only  the  terms  with  the  largest  E  values  were  used  to 
establish  a  basic  set  of  signs.  The  signs  determined  by 
wore  confirmed  by  using  2",  whenever  possible,  e.g. 
the  signs  of  4, 4,  lU  and  8, 4,  2  were  assigned  from  27] 
and  they  combined  to  give  the  sign  of  12,  8,  8; 

4  4  10  £k  =  +3-10 

8  4  S  ^h+k  ~  't~  2*35 

T2  8  8  Et,  =  S-67 

*^IS.8i8  ~  (  +  3*19)(-f*2*36) 

The  probability  that  £i2,g,g  is  +  is  0*99  and  is  in  agree¬ 
ment  with  the  positive  result  from  2*,.  As  many  com¬ 
binations  of  2'|  as  possible  should  be  used  for  every 
sign  determined.  For  the  Ef^  with  the  largest  magni¬ 
tudes,  there  should  be  extremely  few,  if  any,  in¬ 
consistent  sign  indications  with  2't.  As  one  proceeds  to 
smaller  magnitudes  of  E^,  then  some  contradictions 
will  occur  and,  at  times,  the  «gn  may  be  indeterminate. 

So  far,  the  only  signs  determined  have  been  in  the 
group  ggg  (including  OgO  and  gOg).  It  seems  to  be  a 
good  policy  to  determine  the  signs  of  only  the  largest 
Egn  and  then  to  proceed  to  the  largest  E^  in  the  other 
groups.  Otherwise  a  false  pattern  of  signs  may  be 
established  which  will  be  found  to  give  large  in¬ 
consistencies  in  the  other  groups.  In  order  to  begin  in 
the  other  groups,  it  is  necessary  to  arbitrarily  assign 
three  signs  which  fix  the  origin  (Monograph  I). 
Ordinarily,  the  largest  E^  are  chosen  for  the  assigned 
signs.  In  this  crystal,  the  ugg  group  had  large  E  values, 
hence  the  largest,  =_7;17,  was  made  positive. 

The  next  largest  ugg  was  11,6,6  and  with  the 
known  signs  from  the  ggg  group  was  used  to  determine 
its  sign.  There  were  two  contributors: 

T364  (-I-7-17)  T3  64  (-7*17) 

20  2  (  +  3*69)  and  2  12  2  (-2*29) 

TT  6  6  6*53  IT  6  6  6*53 

*A’H,b.b  ~  (  )  7*I7)(-|-3*69)+(-7*17)(-2*29) 

With  the  signs  for  TS,  6,  4  and  TT,  6,  6,  signs  for  many 
more  Eun  were  determined  with  2}.  Arbitrary  signs 
were  also  assigned  to  the  largest  uug  and  ggu  reflec¬ 
tions  and  others  in  these  groups  were  determined  with 
2,.  Finally,  the  signs  in  the  four  remaining  groups  were 
dependent  upon  the  signs  already  obtained.  For  in¬ 
stance,  in  the  gvg  group,  combinations  such  as  ugg+ 
uug,  ggu+guu,  ugu+uuu,  and  ggg+gug  were  used 
in  2*4. 

Two  hundred  and  seventy  signs  with  |2|  >  2  were 
assigned  using  2^,  2|  and  E^.  Some  cross  checking  for 


consistency  in  groups  other  than  ggg  wa.s  |K‘rforin(<l 
using  2}.  Since  the  sign  determination  wan  carried  out 
by  hand  computing,  it  was  not  feasible  to  apply  2';, 
very  extensively.  Of  the  27U  phases,  all  but  one  sub¬ 
sequently  proved  to  Ihj  correct. 

In  a  set  of  1732  2,  combinations  which  were  used 
to  determine  the  signs,  there  were  1 16  contradictions 
to  the  correct  sign.  These  contradictions  did  not 
usually  interfere  with  the  sign  determination  since 
there  were  several  stronger  terms  indicating  the  correct 
sign.  Table  4  lists  the  number  of  exceptions  to  2|  and 
the  corresponding  EiE^jE^jN^  prtKluct  associated  with 


Table  4 


5-0-11*0 
4*0-  4*9 
3*0-  3*9 
2*0-  2*9 
1*0-  1*9 


Except  iuns 

0 

1 

9 

29 

77 


them,  where  N  is  the  number  of  atoms  in  the  unit  cell. 
The  exceptions  are  related  to  EiE^EJNi  since  this 
quantity  occurs  in  the  probability  expression  for  2^ 
and  since  it  is  in  a  normalized  form  applicable  to  any 
crystal. 

The  largest  exception  had  a  value  of  4*8  and  it  was 
the  only  exception  out  of  144  terms  in  the  range 
4*0-11*0.  The  exceptions  followed  an  expected  distri¬ 
bution  in  that  the  number  was  relatively  small  for 
large  EiE^EJN^  values  and  larger  for  smaller 
EiEiEflNi  values. 

4.  Structure 

The  270  reflections  (6%  of  the  non-zero  data)  for 
which  signs  had  been  determined  were  used  to  com¬ 
pute  a  three-dimensional  E  map.  This  is  a  Fourier  in 
which  the  E^  rather  than  the  are  used  as  coeffi¬ 
cients.  The  E  map  was  characterized  by  37  main 
peaks,  two  of  which  were  fairly  weak.  One  of  the 
weak  peaks  was  spurious  whereas  the  other  36  peaks 
were  identified  with  the  atoms  of  the  two  molecules 
in  the  asymmetric  unit.  The  average  weight  of  the 
six  O  atoms  was  310,  the  average  weight  of  the  thirty 
C  atoms  was  266,  and  the  rapidly  oscillating  back¬ 
ground  rarely  reached  ±100. 

The  coordinates  of  the  atoms  as  read  from  the 
E  map  were  subjected  to  a  preliminary  least-square 
refinement  on  the  IBM  704,  using  the  program  pre¬ 
pared  by  D.  Sayre.  About  1 100  structure-factor 
magnitudes  sampled  throughout  the  copper  sphere  of 
data  (every  fifth  reflection  ordered  on  sin  d)  were 
used.  One  temperature  factor  per  atom  was  used  and 
the  28  hydrogen  atoms  in  the  asymmetric  unit  were 
omittetl.  At  present,  the  i?  factor  fw  the  1 KHJ  reflec¬ 
tions  used  in  the  least-squares  procedure,  including  all 
the  zero  reflections,  is  22%*.  The  R  factor  for  all  ;>527 


*  .4t  this  point  it  became  appaient  tliat  the  least -mpiaivs 
proctature  was  diverging  owing  to  approximations  in  the 
program,  and  the  computation  was  terminated. 
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Talilo  5.  Fractional  atomic  puratactern 

MultH-ulo  1  Moioculo  II 

Atom  jcja  yjb  zjc  Atom  xlu  yjb  tfc 

<)  0-432  0-680  0-077  O  0-434  0-686  0-685 

()  0-225  0-370  0-220  ()  0-227  0-376  0-731 

t>  0-435  0-064  0-067  O  0-424  0-060  0-543 

0-420  0-761  0-186  C(CH,)  0-381  0-763  0-578 
(■(CH!,)  0-387  0-086  0-062  CfCHj)  0-410  0-006  0-620 

(■(fO)  0-202  0-372  0-174  C(CO)  0-204  0-378  0-678 

t'  0-308  0-607  0-112  C  0-306  0-612  0-612 

('  0-361  0-596  0-225  C  0-311  0-608  0-611 

V  0-327  0-515  0-230  C  0-282  0-626  0-631 

C  0-320  0-451  0-140  C  0-328  0-457  0-651 

0  0-366  0-467  0-040  C  0-412  0-466  0-660 

C  0-404  0-645  0-013  C  0-446  0-644  0-626 

C  0-327  0-289  0-136  C  0-330  0-206  0-649 

C  0-278  0-210  0-116  C  0-327  0-228  0-730 

C  0-311  0-140  0-091  C  0-367  0-163  0-708 

C  0-304  0-137  0-090  C  0-301  0-146  0-694 

(t  0-445  0-204  0-107  C  0-397  0-210  0-498 

C  0-410  0-282  0-137  C  0-367  0-286  O-dSl 


rcflei’tions  is  26%,  and  22%  if  the  reflections  read  to 
be  zero  are  omitted.  It  would  be  worth  while  to  refine 
the  structure  further  both  with  three-dimensional 
Fouriers  and  with  least  squares,  using  anisotropic 
temperature  factors  and  the  complete  set  of  data. 

The  present  atomic  coordinates  are  listed  in  Table  6. 
The  two  molecules  in  an  asymmetric  unit  are  illus¬ 
trated  in  Fig.  1 ,  a  projection  along  the  a  axis,  |  x  S  jj. 


Kig.  1.  Projection  of  an  asymmetric  unit  along  the  u  axis, 

*  <  *  <  I 

The  three  oxygen  atoms  in  each  molecule  lie  near  tlui 
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202  iilaiicH.  The  nioleeuira  ure  rt'ltiteii  to  each  ntlmr 
H|i|>roximiit«-ly  by  ii  Kiiift  of  :  t  J  uiiii  a  n'flectioii 
through  !i  ^  it-  i-arlMHi  utoniM  in  the  methoxy 
^r<iu]it<  are  very  nearly  in  the  aanic  plane  aa  tlie 
i'.iljaeent  iH'nziaie  rinya.  The 'lop  riiifr  in  molociilv  I 
and  the  lM>tton)  rin^  in  nioleeiile  II  art*  rutatnl  about 
:{S  out  of  the  ptaneHfomuNl  by  the  three  oxygen  atoma 
in  each  molecule,  \vhen*as  the  laittom  ring  in  molecule  1 
and  the  top  ring  in  molecule  II  are  rotated  alatut  24° 
out  of  the  plane  of  oxygen  ntoma. 

Fig.  2  illuatrates  the  coiitenta  of  the  unit  cell  aa 
viewed  down  the  r,  axia.  The  ]iairs  of  supeiimpoaed 
moleciileK  are  separated  by  approximately  The 
C(M>rdinateb  of  the  line  drawings  wore  taken  from  the 
Icaat-aquarea  refinement.  The  aigna  for  the  eleotron- 
denaity  projection  were  derived  from  theee  coordinates 
where  R  =  20%  for  the  z  projection,  including  all 
terms.  The  same  reflections  and  signs  were  used  to 
compute  the  E  map  (£mo  instea<l  of  Fuo  for  die 
coefficients  in  the  Fourier  aeries)  which  is  illustrated 
in  Fig.  3.  A  comparison  of  the  E  map  with  the  F  map 
shows  the  much  greater  resolution  of  atoms  in  the 
supv'rposed  benzene  rings  and  methyl  groups  in  the 
E  map.  The  contours  near  the  centers  of  the  atoms 
were  not  drawn  owing  to  the  fairly  rough  grid  used  in 
computing  the  series.  The  contours  in  the  E  map  are 
on  an  arbitrary  scale  spaced  by  a  value  of  1,  widi  the 
lowest  contour  at  2.  The  background  oscillates  very 
rapidly  but  does  not  exceed  ±2. 

The  shortest  intermolecular  distances  are  between 
an  oxygen  and  oxygen  in  methoxy  groups  at  3'41  A 
an<l  an  oxygen  and  carbon  at  3-45  A.  The  average 
Iwnded  distances  with  their  average  deviations  at  the 
present  stage  of  refinement  are  listed  in  Table  0. 

Table  6 


Mond  ty|w 

.Average 
distance  (A) 

Average 
deviation  (A) 

C-C,  ring 

1-378 

0-030 

(’  non-ring 

1-473 

0-030 

CO,  nromsl  ic 

1-40.3 

0-028 

C-<),  nliphativ 

1-300 

0-028 

C  =  () 

1-280 

O-OlO 

The  CVO-C  angles  are  IIS”  and  the  C„.-0-C„. 
angle  in  the  ketone  group  is  123°,  which  is  the  same 
ns  that  found  in  p,p'-diiodubenzophcnone  (Manthey, 
Plicth  A  Singewald,  1952). 

5.  Theoretical  basis  for  E  maps 

The  value  of  removing  the  effect  of  the  electron  distri¬ 
bution  and  vibration  in  sharpening  peaks  in  a  Fourier 
scries  is  well  known.  To  our  knowledge  this  sharpening 
has  been  applied  mainly  to  the  calculation  of  a  Patter- 
Min  series.  It  has  been  seen  in  this  paper  that  it  is 
worth  while  to  compute  sharpened  Fourier  series 
representing  atomic  positions  using  on  the  one  hand 
only  the  largest  E  values  as  coefficients  and  on  the 
other  hand  all  E  values  contained  within  a  particnlu* 
sphere  in  reciprocal  space.  A  Fourier  series  computed 


Fig.  3.  .An  A'  ins|>  |iruji'rtion  on  (001).  Tlic  Maino  rofli'i-t  hiiim 
and  signs  were  uaed  to  i-om|>ut«  tlie  A’  nm|>  hx  I  Homo  uwhI  in 
the  Fmap,  Fig.  2.  Tho  increased  resolution  over  that  in 
Fig.  2  is  of  interest. 

from  a  restricted  number  of  large  £’s  is  well  adtipUti 
tar  use  with  direct  methmis  of  phase  dcU'rmination 
since  the  phases  of  the  largest  E's  are  the  ones  which 
are  most  easily  determined.  We  present  here  the 
theoretical  significance  of  such  a  calculation. 

We  define  the  structure  factor 

Fs^  = -Xii^+t  J ,  (S-l) 

where 

ih/,  t  (•'»■-) 

/-l  ^ 

A’  n 

N  is  tim  numbtT  of  atoms  in  the  unit  cell,  m  is  I  be 
symmetry  number,  is  the  atomic  scattering  factor, 
the  values  of  the  real  and  imaginary  parts  A'n^ 
and  of  the  structure  factor  F,^  are  known  to  be 
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aiid  n‘8|K*ctivoly.  The  f  and  ij  are  the  tri- 
f'oiioinetrie  fuiu-tiuna  of  the  utoinio  co(»niinatc8  liattxl 
ill  hiternatioiial  Tables  (1952)  for  the  various  apace 
;;roupti.  It  WI18  shown  (Karle  ft  Huuptmun,  1954)  that 
tile  most  proluible  values  of  the  (coordinates  rt,  yt,  zt 
of  those  atoms  charaeterizial  hy  the  atom  seatteriiiK 
fa(ctor  ft  eoineidc  (to  giMsI  approximation)  with  the 
l>i'iii<!i|ud  maxima  of 


exp 


Aim 


/-  1 


.  (5-4) 


w  henc,  subject  to  tn^  +  tl, 

,t1  i«1  ,«  I 


or 


w*. 


t'U  Jo  Jo 


(5-5) 


In  the  oases  that  either  or  ml  equals  zero,  m,  equals 
the  non-zero  moment.  If  we  take  the  logarithm  of  (5*4) 
and  expand  the  squares,  we  obtain 

—  -  ^  -  (-.4h^-.»^+2/n^,(i4|,^f^^-t-^ii„ijii,^) 

"  '2m*  2'/7s,.  -fit^AHt^WiUt))  •  (5-«) 

/•♦  i 

As  pointCHl  out  by  Buliough  ft  Ouioksliank  (1954), 
the  main  term  in  (5'ti)  is 

Wl  f 

/■=--* 


the  first  two  terms  of  (5-6)  being  a  numerical  constant 
and  the  last  is  space-group,  though  nut  structure, 
d(‘pendent,  and  is  also  not  expected  to  have  an  im¬ 
portant  effect  upon  the  maxima.  The  lost  term  is  seen 
to  be  a  numerical  constant  for  space  group  PI. 

Expression  (5-7)  is  a  Fourier  series  and  we  are 
interested  in  seeing  how  the  coefficients  of  the  real 
and  imaginary  parts  are  related  to  the  normalized 
structure  factor  defined  by 


P|^, 

A/n  •V;i» 

((m'j  t  mS)  v/7i.„)‘  ((»>S+»»5) 

>-i  »-=! 


(5-8) 


If  we  ignore  numerical  constants,  we  have  for  the 
coefficients  of  the  first  and  second  terms  in  (5-7), 
rcspectividy 

/ih„  ^hu 


/  .V*  \J  /  AT.'*  '1  ' 

(i/M 


(5-9) 


and 


(.5-1(1) 


The  first  term  in  the  product  (5-9)  is  the  same  us  the 
first  term  of  (.5-10).  It  is  essentially  a  constant  and  if 
all  atoms  are  assumed  to  have  the  same  sha|H‘,  it  is 
an  exact  (lonstant.  Now  consider  the  M-cond  terms  in 
(5-9)  and  (5-lU).  The  numerators  arc  the  known  \  alucs 
of  the  real  and  imagiiiur)-  parts  of  the  structure  factor 
and  the  sum  in  the  denominators  differs  from  the  sum 
in  (5-8)  by  a  single  term.  We  may  conclude  that  the 
coefficients  in  (5-7)  are  proportional  to  E^,  and  we  are 
thus  led  to  the  significance  of  an  E  map,  namely :  The 
maxima  of  on  £  map  answer  the  following  (piestion ; 
‘What  are  the  most  probable  values  of  the  atomic 
coordinates  given  the  values  of  any  set  of  structure 
factors?’. 


We  wish  to  thank  many  people  for  their  invaluable 
assistance.  Mr  C.  E.  Miller  of  1^11  Telephone  Labora¬ 
tories  prepared  the  crystals;  Dr  S.  Geller  of  the  same 
laboratory  obtained  preliminary  crystallographic  data 
and  suggested  that  the  probability  method  appliixl 
to  this  crystal;  Mr  P.  O’Hara  of  the  National  Bureau 
of  Standards,  Dr  H.  T.  Evans  of  the  Geological  Sur¬ 
vey,  and  Mr  R.  A.  Sparks  of  the  University  of  Cali¬ 
fornia  in  Los  Angeles  performed  the  various  calcula¬ 
tions  for  the  K  curve,  the  E  maps  and  the  electron - 
density  projection;  and  Mr  A.  Hatch  of  the  Service 
Bureau  Corporation  applied  the  ienst-sqiiares  pi-ogram 
developed  by  Dr  D.  Sayre. 
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The  whole  of  science  is  nothing  more  than 
a  refinement  of  everyday  thinking. 

Albert  Einstein  (1936) 


Theodor  Wieland 


Theodor  Wieland  is  Professor  Emeritus  and  formerly 
Director  of  the  Chemistry  Department  of  the  Max-Planck-ln- 
stitute,  Heidelberg.  He  retired  in  1981.  Professor  Wieland’s 
PhD  thesis  on  toad  poisons  was  done  under  the  tutelage  of 
his  father,  Professor  Heinrich  Wieland  of  the  Chemical  Insti¬ 
tute,  the  University  of  Munich.  While  at  the  University  of 
Heidelberg  in  1937,  Wieland  pursued  vitamin  research  and 
succeeded  in  isolating  pantothenic  acid  from  fish  liver;  he 
studied  their  biosynthesis  and  the  separation  of  animo  acids 
by  chromatography  and  paper  electrophoresis.  After  World 
War  II,  he  was  an  associate  professor  at  the  University  of 
Mainz  working  mainly  on  peptide  syntheses  (mixed  anhy¬ 
dride  method,  active  amino  acid  thiol  esters)  and  poisons 
from  Amanita  mushrooms.  In  1951,  he  became  Director  of 
the  Institute  of  Organic  Chemistry  at  the  University  of  Frank¬ 
furt  and  completed  the  structural  and  analytical  chemistry 
of  the  amatoxins  and  the  phallotoxins  and  isolated  the  anti¬ 
toxin  cyclodecapeptide  antamanide.  It  was  this  compound 
which  brought  him  to  Isabella  Karle  in  1973  when  she  agreed 
to  investigate  its  structure. 
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Dr.  Bernhard  Witkop 

Dr.  Bernhard  Witkop  retired  from  the  National  Institute 
of  Health  in  1993  after  a  distinguished  tenure  of  42  years. 
Since  1956  he  was  chief  of  the  section  on  metabolites  in  the 
Laboratory  of  Chemistry  of  the  National  Institute  of  Arthritis 
and  Metabolic  Diseases.  He  is  well  known  for  developing  the 
cyanogen  bromide  reaction,  a  method  for  cleaving  proteins 
precisely  in  order  to  facilitate  the  sequencing  of  a  protein. 
The  technique  was  a  key  development  in  the  current  genetic 
engineering  revolution  since  protein  sequencing  is  needed 
before  a  gene  can  be  properly  cloned.  Witkop  and  his  cowork¬ 
ers  have  helped  define  the  metabolic  pathways  of  many 
biologically  important  molecules,  including  serotonin,  a 
neurotransmitter,  and  its  precursor  tryptophan,  which  is 
important  for  normal  growth.  For  more  than  30  years  Bern- 
hard  Witkop  and  Isabella  Karle  have  collaborated  on  research 
projects.  Most  noteworthy  are:  ( 1 )  the  structure  of  the  venom 
of  the  Colombian  arrow  poison  frog,  batrachotoxin(in),  at  the 
time  probably  the  record  for  establishing  a  complete  struc¬ 
ture  with  an  incredibly  small  crystal;  and  (2)  the  photolysis 
of  n-chloroacetyl-o-methyl-l-tyrosine  to  an  azulene  is  prob¬ 
ably  the  first  application  of  X-ray  diffraction  to  such  a  com¬ 
plicated  molecule  of  completely  unknown  chemical 
structure. 


Dr.  Arnold  Brossi 

Dr.  Arnold  Brossi  is  a  visiting  research  professor  of 
chemistry  at  Georgetown  University,  Washington,  D.C.  From 
1976  to  1991,  he  was  Chief  of  the  Section  of  Natural  Product 
Chemistry  at  the  National  Institute  of  Diabetes  and  Digestive 
Kedney  Diseases,  at  the  National  Institute  of  Health.  His 
major  research  interests  include  study  and  synthesis  of  bio¬ 
logically  active  natural  products  and  drugs  useful  in  malaria 
chemotherapy.  He  has  specialized  in  studies  of  antipodal 
isomers.  His  work,  spanning  five  decades  has  had  a  great 
impact  on  medical  research  and  has  led  to  the  discovery  of 
several  drugs  (Tetrabenazine,  Dehydroemetine,  Dimecapto- 
succinic  Acid,  Astiban,  Versidyne,  Arteether  and  Phenser- 
ines).  Besides  using  routine  spectroscopic  data  for 
characterizing  compounds,  Brossi  had  early  access  to  X-ray 
crystallography  at  the  Naval  Research  Laboratory.  Working 
with  Isabella  Karle  and  J.L.  Flippen-Anderson,  he  used  X-ray 
analysis  to  determine  the  absolute  configuration  of  optically 
active  compounds  for  elucidating  the  three-dimensional 
configuration  of  complex  molecules  and  conformations  of 
bioactive  molecules. 
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An  Application  of  the  Symbolic  Addition  Method  to 
the  Structure  of  L-Arginine  Dihydrate 

By  Isabella  L.  Karle  and  J.  Karle 
U.S.  Naval  Research  Labaratury,  Washington  25,  D.C.,  U.S.A. 


{Ilt’cciveil  35  •/«/</  1963) 


The  crystal  structun!  <il'  L-argiriiiie  (Uhydrate  wa-s  dut«niiiin«l  directly  by  means  itf  th«!  syinljolic. 
additiun  phase  detenninatiim  pr<K!e<hire,  using  the  coiiiplete  thns^-diinensiunul  data  ubtaiiicd  from 
Cu  radiation.  The  space  group  is  /’2,2,2|  aii<l  the  cell  dimension.s  are: 

«  =  5-68,  5  =  11-87,  ami  c  =  15-74  A. 

The  arginine  molccult!  is  a  -j^witterion  with  the  guaiiiilyl  group,  mther  than  the  amino  gi-oiip, 
ac-eepting  an  extra  proton.  I'wo  planes  characterize  the  arginine  molecule,  one  thn>ugh  the  acid 
group,  and  the  other  through  the  extended  side  chain  which  contains  the  guanidyl  gn>U[>.  'I’he 
dihedral  angle  between  these  planes  is  74°.  The  arginine  molecules  and  the  water  molecules  each  make- 
infinite  chains  jicrj^ndicular  to  each  other  by  hydrogen  bonding.  All  18  hydrogen  atoms  have  been 
located. 


Introduction 

L-Arginine,  +(H2N)2CNH(CH2)3CH(NH!!)COO-,  is  one 
of  the  amino  acids  essential  for  animal  growth.  It  is 
also  the  most  basic  of  the  amino  acids  since,  in  addition 
to  the  A-amino  group,  it  also  contains  a  terminal 
guanidyl  group.  This  investigation  afforded  a  good 
opportunity  to  study  a  biologically  important  amino 
acid  structure  and  its  associated  hydrogen  bonding. 
It  also  provided  a  valuable  experience  in  the  first  ap¬ 


plication  of  the  symbolic  additiun  method  for  phase 
determination  (Karle  &  Karle,  to  be  published)  to  a 
non-centrosymmetric  crystal. 

Experimental 

Purified  L-arginine  was  obtained  from  the  Central 
Research  Laboratories  of  General  Mills,  Inc.  Re¬ 
crystallization  from  water  at  room  temperature  yielded 
crystals  of  the  dihydrate  which  were  colorless,  transpa- 
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rent  prisms.  They  were  elongated  along  the  a  axis. 
Crystals  kept  in  air  lost  their  sharp  edges  and  appeared 
to  deliquesce,  whereas  those  kept  in  a  desiccator 
became  opaque  and  cracked.  The  crystals  kept  in  the 
X-ray  beam  however  were  fairly  well  preserved. 
Eventually  they  showed  signs  of  disintegration  in  the 
region  where  the  X-ray  beam  impinged  upon  them. 

Complete  intensity  data  for  Cu  Ktx  ra^ation  were 
collected  along  the  a,  b  and  c  axes  by  the  multiple- 
film  equi-inclination  Weissenberg  technique.  Preces¬ 
sion  photographs  for  the  Okl,  hOl  and  hk^  layers  were  also 
taken.  No  correction  for  absorption  was  made. 

The  space  group  is  P2i2i2i  and  the  unit  cell  para¬ 
meters  are : 

a  =  5-68±001,  6=  11-87 ±002,  c  =  15-74 ±0-02  A. 

The  computed  density  is  1-314  g. cm and  the 
measured  density  by  flotation  in  mixed  solvents  was 
found  to  be  1-320  g.cm^^. 

Phase  determination 

The  normalized  structure  factor  E|,  is  defined  by 

As  =  n/ei/ji,  (1) 

/  -  1 

where  «  =  2  when  h  is  AOO,  O/fcO  or  001,  £  =  1  otherwise 
for  space  group  P2i2i2i,  and //  is  the  atomic  scattering 
factor  for  the  jth  atom  in  the  unit  cell  containing  N 
atoms.  Phases  corresponding  to  400  of  the  largest  |£i,| 
were  determined  by  means  of  the  symbolic  addition 
procedure  for  non- cent  rosy  m  metric  space  groups. 
The  procedure  is  an  extension  of  the  symbolic  addition 
method  applied  to  centrosymmetric  crystals  (Karle  & 
Karle,  1963;  Karle,  Britts  &  Gum,  1964). 

The  formula  for  starting  the  phase  determination  is 
(Karle  &  Karle,  to  be  published), 

9’h  <9'k+9’h-k)kr .  (2) 

where  the  are  the  phases  associated  with  the 
|Pi,|  and  kr  implies  that  the  average  is  taken  only  over 
those  k  corresponding  to  the  larger  |P1  values. 
Formula  (2)  is  implemented  by  specifying  appropriate 
phases  (Hauptman  &  Karle,  1956)  in  order  to  fix  the 
origin,  and  by  assigning  additional  symbols  to  re¬ 
present  the  phases  associated  with  certain  appro¬ 
priately  chosen  reflections. 

In  space  group  P2i2i2i,  it  is  convenient  to  fix  the 
origin  by  assigning  the  phases  of  two-dimensional  data. 
The  phases  were  assigned  as  follows: 


h 

9b 

!£h! 

3,0,10 

0 

3-46 

3,3,  0 

-7tl2 

2-17 

3,0,  1 

+  .T/2 

2-77 

With  these  assignments,  it  is  immediately  possible  to 
obtain  contributors  to  (2)  for  particular  tpi,.  For 
example,  the  largest  guu  is  1^8311=2-06.  We  note  that 


if  k=301  and  h-k=330,  h=631.  Since  93330= -;t/2 
and  9PM1  =  +nl2,  this  pair  contributes  the  value  zero 
toward  the  average  in  (2)  for  Similarly,  since 
91fl,io=^  value  zero  may  be  used  for  93631 

at  this  stage,  this  pair  contributes  the  value  of  n  to 
the  average  in  (2)  for  933^,11.  IPa^^il  =2-05,  the  second 
largest  uuu.  Two  pairs  of  contributors  are  now  available 
for  93o3io(1Ao3io|  =  1*85)  as  follows: 


h 

9h 

h 

Vh 

.vn 

-.T/1' 

3,3,  0 

-  71  j-2 

:i,3,i  1 

3,0,10 

71 

0,3,10 

+  711-2 

0,3,10 

+  711-2 

Further  contributors  to  new  phases  and  also  to  9631, 
933311  and  930310  were  developed  by  continuing  the 
process  of  forming  pairs  as  required  by  (2).  In  order 
to  facilitate  this,  it  was  necessary  to  assign  symbols 
to  other  phases.  The  assignments  were. 


h 

Vh 

iA’h! 

2,12,  0 

P 

3  21 

2,10,  0 

/i 

2  31 

»,  o,u 

m 

2  .56 

3,  8,  3 

a 

2  31 

These  reflections  were  chosen  because  they  entered 
into  many  of  the  combinations  for  the  average  in  (2) 
and  they  were  associated  with  relatively  large  1^1 
values.*  The  symbols  p,  «,  m  must  lie  either  0  or  n, 
but  a  can  be  anywhere  in  the  range  —n<a<n.  In 
forming  the  contributors  to  (2),  maximum  use  was 
made  of  the  three-dimensional  reflections  [hkl^O). 
Too  much  reliance  on  two-dimensional  ;  eflections  may 
lead  to  misleading  phase  indications. 

In  the  course  of  application  of  the  procedure,  it  soon 
became  apparent  that  m=n.  It  was  also  apparent  that 
a  was  near  0  or  n.  It  was  chosen  to  be  zero,  which,  in 
effect,  specified  the  enantiomorph.  The  specification 
of  the  enantiomorph  for  space  group  P2i2i2i  is  dis¬ 
cussed  in  detail  by  Karle  &  Hauptman  (1956). 

By  means  of  hand  computation,  137  phases  were 
determined  in  terms  of  0,  n,  ±nj2,  p,  ands.  Relatively 
few  inconsistencies  were  found  for  pairs  involving 
three-dimensional  reflections  or  a  three-dimensional 
and  a  two-dimensional  reflection.  However,  there  were 
a  number  of  inconsistencies  for  pairs  composed  solely 
of  two-dimensional  data. 

Since  p  and  8  have  to  be  0  or  71,  most  phases  in  this 
first  approximation  were  on  the  cardinal  points, 
0,71  or  ±7r/2.  Some,  however,  were  found  to  have 
intermediate  values.  For  example,  an  approximately 
equal  number  of  contributors  to  (2)  might  consist  of 
the  types  —7tj2  +  s  and  p+a.  The  average, 
i[{—7tl2+8)  +  {p+8)],  would  then  have  the  possible 
values,  7r/4,  — 7r/4,  37r/4  or  —  37r/4,  depending  upon  the 
values  of  p  and  s. 


*  A  procedure  based  on  the  multiplication  of  symbols, 
rather  than  addition,  can  be  used  if  the  symbols  represent 
exp  {iip)  rather  than  <p. 
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Fig.  1.  Three-dimensional  f^-maps  for  arginine,  viewed  along  the  a  axis,  which  were  computed  with  normalized  structure  factors, 
£,  as  coefficients.  The  phases  were  obtained  from  the  symbolic  addition  procedure.  (1)  137  data  with  |£|inlii=  >'50,  (2)  200 
data  with  l£!niln=  1'40,  (3)  300  data  with  |£|mln=  1‘16,  and  (4)  400  data  with  !£|inin=  100.  The  peaks  marked  with  crosses 
are  extraneous.  The  contours  are  at  equal  intervals  on  an  arbitrary  scale. 


The  following  four  combinations  of  values  for  p  and  s, 

P  a 

0  y 

n  0 

0  0 
7t  71 

were  substituted  into  the  set  of  137  phases  defined  in 
terms  of  these  symbols.  Each  of  the  four  sets  of  phases 
so  obtained  was  used  as  a  basic  set  for  the  application 
of  the  tangent  formula  (Karle  &  Hauptman,  1956) 

^\EkEk-k\  sin  {9>k+9)h-k) 

2.  |Ak  cos  (9>k+9^-k) 

kr 

where  kr  ranges  over  137  values  of  k.  This  formula  is 
used  to  reiterate  the  determination  of  values  for  the 
initial  set  of  phases  and  to  obtain  additional  ones. 
Since  the  numerator  of  (3)  is  proportional  to  |E|,|sin^ 
and  the  denominator  of  (3)  is  proportional  to  |£|,l  co89’h> 
the  sum  of  the  squares  would  be  proportional  to  |i?hl^- 


If  this  formula  is  calculated  for  many  h  values,  the 
proportionality  constant  may  be  obtained  from  a 
comparison  with  the  experimental  values  for  l^uloixt 
over  the  same  range  of  h.  The  adjustment  is  made 
by  setting  the  average  of  the  calculated  |.Ehl^c  equal 
to  the  average  of  the  observed  l^klSts.  In  the  course  of 
the  calculation  those  reflections  were  eliminated 
whose  l^klcaic  were  very  small.  An  arbitrary  level  of 
0'3  was  chosen.  Reflections  whose  phases  changed 
greatly  from  reiteration  cycle  to  reiteration  cycle 
were  also  eliminated.  Usually,  the  tangent  formula  (3) 
converges  in  one  or  two  iterations  if  no  new  data  are 
introduced. 

The  correct  answer  was  found  to  correspond  to  the 
combination  p=8=n.  The  other  three  combinations 
did  not  produce  It-maps  which  were  crystallographi- 
cally  meaningful.  £-maps  are  Fourier  maps  employing 
the  as  coefficients  (Karle,  Hauptman,  Karle  & 
Wing,  1958).  Fig.  1  shows  E-maps  calculated  for  (1) 
137  data  (minimum  |E{  =  1‘50),  (2)  200  data  (mini¬ 
mum  |E|  =  l-40),  (3)  300  data  (minimum  |E|  =  1-15), 
(4)  400  data  (minimum  |E|  =  1-00).  It  is  seen  that 
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calculation  (3)  of  Fig.  1  reveals  the  molecular  structure 
i|uite  well.  This  map  includes  al>out  one  fifth  of  the 
total  data  collected.  The  peaks  marked  with  crosses 
are  extraneous.  In  calculation  (4)  of  Fig.  I,  there  were 
no  extraneous  peaks  ns  strong  as  the  fourteen  peaks 
which  corresponded  to  the  structure. 

It  is  of  interest  to  note  that  phase-determining 
formulas  obtained  in  the  past,  which  define  phases 
in  terms  of  structure  factor  magnitudes,  could  have 
been  used  to  determine  the  correct  values  of  p  and  s 
flirectly.  One  type  of  formula  which  could  have  l>een 
used  is  the  iT,  formula  for  space  group  P2i2i2i  (Karle 
&  Hauptinan,  1951}).  The  two  forms  of  interest  are 

Sfiih^i-n  ~  1)*^*'(|^A»(|-—  I ),  (4) 

t 

and 

1  1)  ,  (5) 

/< 

where  S  means  ‘sign  of’.  Table  1  shows  the  results  of 
the  application  of  (4)  and  (5).  There  were  nineteen 
terms  in  the  sum  for  (4)  and  seven  in  the  sum  for  (5). 
The  probability  that  the  sign  be  positive  for  the  E,t, 
in  question,  P+{E.,t,),  is  given  by 

P  +  (E-ih)  =  1  +  i  tanh  <J3]&’ji,|X'j/2o2®^’^  (6) 

where  is  the  sum  contained  in  (4)  or  (5),  and 
,v 

On  =  ^  2",  Z)  being  the  atomic  number  of  the  jth  atom 

/=i 

in  a  unit  cell  containing  N  Atoms.  It  is  seen  from 
Table  1  that  three  determinations  indicate  that  p  has 
a  value  of  7t  with  probabilities  0-86,  0-72,  and  0'73, 
and  8  has  a  value  of  n  with  probabilities  0*85  and  0*72. 
The  over-all  probability  from  the  three  determinations 
that  p  is  equal  to  n  is  about  0*97  and  that  for  s  from 
the  two  determinations  is  about  0*94,  assuming  that 
the  determinations  are  independent. 

Table  1.  An  application  of  the  2^i  formula 


2h 

symbol 

F+(£,h) 

2,12,  0 

P 

— 

0*14 

2,10,  0 

X 

— 

0*1.5 

4,  «,  0 

n  +  p 

+ 

0*72 

0.12.  « 

P 

— 

0*27 

(>  )0,I4 

X 

— 

0*2H 

Another  ype  of  phase-determining  formula  which 
could  have  been  us^  for  determining  the  value  of  p 
and  8  is  £3,0  (Karle  &  Hauptman,  1958).  With  this 
formula  there  were  several  indications  that  the  values 
of  p  and  8  were  n.  The  value  of  m  was  also  found  to 
be  n.  It  is  interesting  to  note  that  when  the  data  were 
extended  by  use  of  a  Patterson  map,  improved  by  the 
application  of  a  positivity  criterion  (Karle  &  Haupt¬ 
man,  1964),  the  results  of  formula  .63,0  were  more 
definitive. 

In  the  initial  set  of  137  phases  obtained  from  formula 
(2),  the  phases  of  the  three-dimensional  reflections  had 
errors  which  were  distributed  as  indicated  by  the 


Fig.  2.  The  miigniliiili>  of  I  lie  (liffi'i-enee  tw-iween  tlic  iiiilial 
values  of  phases  foi*  tluce-dimensional  1*01100110118  luul  the 
final  values  ealeiilateil  from  the  refined  struetiire. 


dashed  curve  in  Fig.  2.  The  symlml  terror  is  defined 
as  the  magnitude  of  the  difference  between  a  phase 
calculated  for  the  refined  structure  and  one  calculated 
from  (2)  or  (3).  It  is  seen  from  the  solid  curve  that 
application  of  (3)  to  the  initial  phases  improved  their 
values  considerably.  The  average  error  for  the  three- 
dimensional  phases  decteasetl  from  43°  to  27°  by  the 
use  of  the  tangent  formula. 

Refinement 

The  preliminary  coordinates  of  the  fourteen  atoms, 
other  than  hyebrogen,  which  were  obtained  from  the 
fourth  E-mnp  in  Fig.  1,  were  subjected  to  a  three- 
dimensional  least-squares  refinement  (Busing,  Martin 
&  Levy,  1962)  using  all  the  1406  data.  After  two  cycles, 
employing  isotropic  temperature  factors,  the  R  index 
was  14*8%.  Next,  two  cycles  with  anisotropic  tempera¬ 
ture  factors  reduced  the  R  index  to  11*6%.  All  the 
terms  were  evenly  weighted  with  the  value  of  one.  At 
this  point,  a  difference  Fourier  synthesis  was  computed 
in  order  to  find  the  hydrogen  atoms.  All  18  hydrogen 
atoms  were  located.  One  more  refinement  was  per¬ 
formed  which  included  all  the  32  atoms.  Then  another 
difference  map  was  computed,  which  used  the  AF  from 
the  heavier  atoms  alone  while  the  phase  angles 
included  the  calculated  contributions  from  the 
hydrogen  atoms  as  well.  The  final  R  index  was  10-3%.* 

The  difference  map  showing  the  location  of  the  18 
hydrogen  atoms  is  illustrated  in  Fig.  3.  It  is  a  composite 
drawing  projected  along  the  a  axis.  Although  the 
coordinates  of  the  hydrogen  atoms  have  not  been 
extensively  refined,  there  is  no  doubt  about  the  ap¬ 
proximate  location  of  each  hydrogen  and  the  configura¬ 
tion  about  the  heavy  atom  to  which  it  is  bond^.  A 
final  electron  density  map  computed  with  F  values 

*  .\  0111*1*0111111  coiitaiiiiiig  thi*  observed  F  and  (he  eomputed 
F,  A  and  B  has  been  deposited  with  the  Library  of  Congress, 
Washington,  D.C.,  U.S..4.  The  reel  number  is  8496. 


TWOIJ994  29 


ISABELLA  L.  KARLE  AND  J.  KARLE 


839 


Fig.  3.  A  project  ion  along  the  a  axis  of  sections  of  a  difference 
map  for  tho  location  of  hydrogen  atoms.  Contours  are  at 
intervals  or  >'  0.=i  e.A“*,  starting  with  the  0- 1.5  e.A“*  contour. 


Fig.  4.  A  projection  along  the  6  axis  of  sections  of  the  final 
electron  density  map.  Only  one  arginine  molecule  is  shown. 
Contours  are  at  intervals  of  1  e.A“*,  starting  with  the  1-5 
e.A*  contour. 


Table  3.  The  approximate  coordinaiee  for  the 
hydrogen  atoms  as  determined  from  the  second 
difference  map 


Atom 

Bonded  to 

X 

y 

z 

H{l) 

C(4) 

0-908 

0-458 

0-350 

H{2) 

N(5) 

0-847 

0-650 

0-328 

H(3) 

N(5) 

0-938 

0-645 

0-362 

H(4) 

C(6) 

0-076 

0-442 

0-475 

H(6) 

C(6) 

0-933 

0-525 

0-495 

H(6) 

C(7) 

0-366 

0-645 

0-450 

H(7) 

C(7) 

0-208 

0-682 

0-502 

H(8) 

C(8) 

0-388 

0-478 

0-589 

H(9) 

C(8) 

0-2S3 

0-512 

0-623 

H(10> 

N(9) 

0-525 

0-703 

0-617 

HdD 

NdD 

0-722 

0433 

0-660 

H(12) 

NdD 

0-862 

0-472 

0-705 

H(13) 

Nd2) 

0-933 

0-663 

0-719 

H(14) 

Nd2) 

0-822 

0-741 

0-700 

H(15) 

IFd) 

0-533 

0-207 

0-629 

H(16) 

IF(1) 

0-459 

0-267 

0-628 

H(17) 

W{2) 

0-558 

0-335 

0-412 

H(18) 

W{2) 

0-5.58 

0-275 

0-463 

is  shown  in  Fig.  4.  This  composite  drawing  is  viewed 
along  the  b  axis. 

The  final  coordinates  and  anisotropic  temperature 
factors  for  the  heavier  atoms  are  listed  in  Table  2. 
The  approximate  coordinates  for  the  hydrogen  atoms 
are  given  in  Table  3. 


Geometry  of  the  molecule 

The  arginine  molecule  is  characterized  by  two  planes, 
one  through  the  carboxyl  group  and  the  other  through 
the  side  chain  which  terminates  with  the  guanidyl 
group.  The  molecule  is  a  zwitterion  with  the  guanidyl 
group,  rather  than  the  amino  group,  accepting  a  proton 
from  the  acid  group.  The  bond  lengths  and  angles 
are  listed  in  Table  4  and  shown  in  Fig.  5. 

The  dimensions  of  the  amino  acid  group  are  quite 
similar  to  those  reported  for  glycine  (Marsh,  1958) 
and  L-lysine  (Wright  &  Marsh,  1962).  The  equation 


Table  2.  The  final  paramders  and  their  standard  deviations 

The  thermal  parameters  are  of  the  form  T  =  exp  [- +  /?»**  + +  2/Jii**  +  2^„«  +  2^n*0]-  For  the  oxygen  atoms  of 
the  water  molecules,  the  alternate  s3mibols  H'(l)  and  W{2)  are  used  in  the  succeeding  Tables.  The  standard  deviations  are 

multiplied  by  10* 


X 

Ox 

y 

ay 

z 

Oz 

10*^„ 

io*^« 

10«/J„ 

10*^., 

0(1) 

0-3022 

(11) 

0-4036 

{*) 

0-3231 

(4) 

244 

44 

42 

23 

68 

4 

0(2) 

0-3340 

(11) 

0-5832 

(4) 

0-2830 

(4) 

219 

45 

31 

6 

53 

2 

C(3) 

0-2353 

(14) 

0-5047 

(6) 

0-3220 

(4) 

162 

41 

17 

-2 

16 

3 

C(4) 

0-0072 

(11) 

0-5293 

(8) 

0-3724 

(4) 

95 

35 

14 

-4 

6 

-3 

N(6) 

-  0-0839 

(11) 

0-6432 

(6) 

0-3524 

(4) 

136 

44 

23 

7 

0 

-2 

C(6) 

0-0622 

(13) 

0-5186 

(7) 

0-4680 

(4) 

149 

56 

12 

-31 

1 

1 

0(7) 

0-2546 

(17) 

0-5995 

(7) 

0-5002 

(5) 

288 

59 

19 

-45 

-52 

11 

0(8) 

0-3822 

(14) 

0-.5478 

(7) 

0-5753 

(8) 

148 

52 

22 

-14 

-39 

11 

N(9) 

0-.5532 

(11) 

0-6274 

(8) 

0-6118 

(3) 

127 

37 

14 

-3 

-24 

1 

0(10) 

0-7315 

(12) 

0-5955 

(6) 

0-6633 

(4) 

110 

46 

10 

-12 

8 

-2 

N(ll) 

0-7796 

(12) 

0-4862 

(8) 

0-6760 

(4) 

161 

36 

16 

9 

-6 

6 

N(12) 

0-8579 

(13) 

0-6739 

(8) 

0-7016 

(4) 

191 

41 

24 

-1 

-52 

1 

H,0(1).  1F(1) 

0-5506 

(13) 

0-2790 

(8) 

0-6214 

(8) 

252 

45 

66 

17 

25 

6 

H,0(2),  »'(2) 

0-6222 

(17) 

0-2871 

(12) 

0-4356 

(8) 

323 

195 

50 

89 

42 

28 
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AN  APPLICATION  OF  THE  SYMBOLIC  ADDITION  METHOD 


for  the  least-squares  plane  through  the  atoms 
0(1)0(2)C(3)C(4)  is 

31l87x  +  2-3040y+  12-795z  =  6  0093  (7) 

and  the  deviations  of  the  individual  atoms  from  the 
plane  are: 

0(1) -0-003,  0(2) -0-003,  C(3) +0-008,  and 
C(4)-0-002  A. 


Table  4.  Bond  lengths  and  angles 


Bond 

Angle 

C(3)-0(I) 

1-269  A 

0(l)-C(3)-0(2) 

126-6' 

C(3)-0(2) 

1-249 

0(1)-C(3)-C(4) 

115-2 

0(2)-C(3)-C(4) 

119-1 

C(4)-N(5) 

1-480 

C(3)-C(4)-N(6) 

110-9 

C(6)-C(4)-N(6) 

110-7 

C(8)-N(9) 

1-471 

C(8)-N(9>-C(10) 

123-2 

C(10)-N(9) 

1-351 

N(9)-C(10>-N(ll) 

121-0 

C(ia-N(n) 

1-340 

N(9)-C(10)-N(12) 

118-9 

C(I0)-N(12) 

1-322 

N(ll)-C(10)-N(12) 

120-2 

C(3)-C(4) 

1-647 

C(3)-C(4)-C(6) 

108-4 

C(4)-C(6) 

1-542 

C(4)-C(6)-C(7) 

114-4 

C(6)-C(7) 

1-640 

C(6)-C(7)-C(8) 

110-1 

C(7)-C(8) 

1-617 

C(7)-C(8)-N(9) 

111-1 

The  standard  deviation  for  the  bond  lengths  is  0-008  to 
0-012  A  and  for  the  angles  0-9°. 

The  nitrogen  atom  N(5)  lies  0-280  A  out  of  the  plane; 
the  values  found  in  glycine  and  lysine  were  near 
0-44  A.  Although  the  amino  group  does  not  accept  an 
extra  proton  to  form  C-NHJ  as  was  the  case,  for 
example,  in  glycine  and  lysine,  the  nitrogen  in  the 
amino  group  does  assume  a  tetrahedral  configuration 


with  C(4),  H(2)  and  H(3),  and  the  fourth  position  on 
N(5)  is  occupied  by  a  hydrogen  bond  from  N(9'). 

The  guanidyl  group  is  attached  to  the  carbon  chain 
by  a  C-N  bond  of  1-471  A,  whereas  the  three  (3-N 
bonds  in  the  ^anidyl  group  are  nearly  equal  and 
average  1-338  A.  The  C-N  bonds  in  urea  were  found 
to  be  1-336  A  (see,  e.g.  Sklar,  Senko,  &  Post,  1961), 
1-34  A  in  nitroguanidine  (Bryden,  Burkardt,  Hughe-s 
&  Donohue,  1956),  and  1-34  A  in  guanidinium  bromate 
(Drenth,  Drenth,  Vos  &  Wiebenga,  1953).  The  N-C-N 
angles  are  nearly  120°  and  the  guanidyl  group  is  planar. 
The  equation  of  the  least-squares  plane  through  the 
atoms  N(9)C(10)N(11)N(12)  is 

3-5764* +  0-1756y-12-226z  =  -5-3907  (8) 

and  the  deviations  of  the  individual  atoms  from  this 
plane  are: 

N(9)-0-0006,  C(10)  +  0-0015,  N(ll)-0-0005  and 
N(  12) -0-0005  A  . 

The  five  hydrogen  atoms,  H(10)  to  H(14),  of  the 
guanidyl  group,  —  NHC(NH2)2',  are  also  very  nearly 
in  the  plane  of  the  NCNN,  thus  making  the  whole 
guanidyl  group  planar. 

The  average  of  the  four  C-C  l)ond  lengths  in  this 
molecule  is  1-537  A  and  the  average  of  the  four 
C-C-C  angles  is  111-0°.  However,  the  angle 
C(4)-C(6)-C(7)  at  114-4°  is  somewhat  larger  than  the 
other  three.  A  similar  widening  of  the  ^C-C  angle 
adjacent  to  the  amino  group  has  been  observed  in 
other  amino  acids  and  peptides.  The  side  chain 
including  the  guanidyl  group  is  fully  extended  and 
lies  approximately  in  a  plane.  The  equation  for  the 
least-squares  plane  through  these  atoms  is 

3-6684*  -  0-6873y  - 1 1  -992z  =  -  5-6305  (9) 

and  the  dihedral  angle  between  this  plane  and  the  one 
through  the  acid  group  is  74°. 

Packing  of  the  molecules 

The  packing  of  the  arginine  molecules  is  characterized 
by  a  three-dimensional  network  of  hydrogen  bonds. 
A  drawing  of  the  structure  viewed  along  the  a  axis  is 
shown  in  Fig.  6.  The  arginine  molecules  lie  extended 
parallel  to  the  c  axis  and  they  form  infinite  chains  by 
means  of  the  hydrogen  bonding  between  two  of  the 
NH  of  the  guanidyl  group  and  the  two  0  of  the  carboxyl 
group.  The  guanidyl  and  carboxyl  groups  involved  in 
the  hydrogen  bonding  are  approximately  coplanar. 
The  deviations  of  the  carboxyl  atoms  from  the  least- 
squares  plane  through  the  guanidyl  group  (equation 
8)  are 

0(l)-0-28,  0(2)+0-06,  and  C(3)-0-05  A  . 

Hydrogen  bonding  between  arginine  molecules  also 
occurs  parallel  to  the  b  axis  in  which  0(2)  from  the 
carboxyl  group  is  bonded  to  N(12')H(14')  of  the 
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Table  5.  Hydrogen-bondt  lengths  and  angles 


'  J 

f  1 

.-■o  i  -■ 

Bond 

Angle 

'  1 

N(«)H(10)  -  - 

-  N(.5')  2-888  A 

C(8)N(9)  -  -  -  N(6') 

112-7'- 

C(  10)N(9)  -  -  -  N(5') 

llO-.'i 

1 

N(12)  ( 

N(12)H(14) 

-0(2')  2-897 

C(10)N(12)--- 

0(2) 

135-6 

2686 

,  2  897 

N(I2)H(13)- 

-  0(1")  2-869 

C(10)N(12)--- 

0(1  ") 

116-3 

N(ll)H(12) 

-  -  0(2")  2-887 

C(10)N(11) -  -- 

0(2") 

121-2 

;  •^,N(5) 

,  )C(7) 

j-"  OC(10)  o 

H^(1)H(IS) 

-0(1')  2-739 

N(ll)- 

■  W'd) 

-  -  -  H  (2) 

101-7 

r 

N(1I)H(11)- 

-  iqi)  2-912 

N(ll)- 

•  »'(1) 

---0(1') 

109-9 

-'C(4) 

C(«)0N<11)  Or,  Oj 

2-912  0 

i2W 

»'(2)H(18)- 

-  iqi)  2-954 

N(1I)- 

•  If(l) 

-  -  -  lf'(2')  138-0 

qs) 

»'(1)H(16)- 

-  It  (2')  2-709 

M'(2)  -  ■ 

-  H'(l) 

•0(1') 

105  6 

.  1  0(1)(  I 

(  )  '■  ^  2-890 

2799 

H>0(2) 

2-954 

W'(2)H(I7)- 

-0(1)  2-890 

If  (2)  -  - 
lf'(2')  - 

0(1)--- 

•  »•(!) 

-  If(l) 

»'(2)  - 

-  •  lf(2') 
•••0(1') 

••  lf(l) 

78-8 

110-2 

122-4 

0(1)--- 

m2)- 

••  Ifd') 

120-0 

■  ' 

j 

H’(l)-- 

m2) 

••  Jfll') 

116-2 

bICi 

c  — 


(  ) 


I  - "('V 

n 


o 


where  hydrogen  bonds  may  have  been  expected  to 
form,  and  3*45  A  between  two  water  molecules  not 
hydrogen-bonded  to  each  other. 


Ki)(.  K.  ili'Hwiu^  of  tile  MiriK'tiii''’  of  L-Hixinint'  diliytlrMU* 
vifwt'd  (iluiig  the  «  axiH.  Tlif  dawlufi  lines  indirale  the 
hydroxrn  hondinx- 

guaiiidyl  group  and  N(9')H(10')  of  the  guanidyl  group 
is  lionded  to  N(5)  of  the  amino  group.  The  two 
hydrogen  atoms,  H(2)  and  H(3),  in  the  amino  group 
are  not  involved  in  hydrogen  bond  formation.  This  is 
a  rather  unusual  occurrence.  It  is  expected  that 
molecules  in  a  crystal  usually  arrange  themselves  to 
form  a  maximum  number  of  hydrogen  bonds  (see, 
fi.gr..  Fuller,  1959). 

The  water  molecules  form  infinite  chains  perpendic¬ 
ular  to  the  arginine  chains  and  parallel  to  the  a  axis 
by  hydrogen  bonding  to  each  other.  In  fiddition,  the 
water  molecules  form  lateral  hydrogen  bonds  to  the 
arginine  molecules.  They  are  the  donors  of  two 
hydrogen  bonds  and  the  acceptor  for  one. 

The  hydrogen  bond  lengths  and  angles  are  listed  in 
Table  5.  The  values  are  consistent  with  those  found  in 
many  other  crystals  (Fuller,  1959).  The  four  hydrogen 
bonds  around  IF(1),  the  oxygen  atom  in  HzOil), 
are  arranged  in  a  roughly  tetrahedral  configuration, 
whereas  the  three  hydrogen  bonds  around  W{2)  are 
approximately  in  a  plane. 

The  closest  intermolecular  approaches  between 
non-bonded  atoms  are  those  between  N(5)  and 
N(12')  (3-42  A),  and  between  N(5)  and N(ll')  (3’36  A), 
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ABSTRACT  Stractarcs  ia  foar  dUfcicat  crjatal  fanai  ai 
[Lca*]ttrvaiBkiB  (servaadda  Z-L,  Ac-Lai-Ile-Gla-lva<Ile*> 
T1u--Alb-Lca-Aib.Hyp'*-Gia*Aib-Hyp-Aib-Pro'*-Phol,  when 
Iva  is  bovaBae,  Aib  b  o-aaiiBo  bolwtyric  add,  Hyp  b  4-hy> 
drosyproliae,aadPlMilbphcaylalaaiaoi),aaMadinaMGhai»d- 
fonab«  polypcpthle  froai  EaMraeeflopstf  salsKNyaiieaMai,  have 
bcea  dctanifaHd  by  x*ray  dMfracdoB.  Tbe  hdteal  stradare  b 
aiapbiphiMr  with  aBtta  polar  amtetbsoatbe  coaecx  aide  of  tbe 
beat  bdix.  Hdices  are  beat  at  Hyp'*  flroai  «30*  to  ->45*  ia  tbe 
differeat  crystal  fonas.  la  al  cry^  fonas,  tbe  peptide  heBces 
aggregate  ia  a  staaBar  fastaloa  to  form  water  rhaanrh  that  are 
faiterrapted  by  hydrogea  boads  betweea  N*H(Glo")  aad 
0*(Hyp'*)  of  aiUaceat  heBces.  Tbe  Gla"  aide  dtoia  b  Mded  ia 
aa  naasaal  fbahioa  tai  order  to  dose  tbe  HimimI.  Space  b 
avaBabfe  for  aa  exteaded  coafonaatioa  for  Gtai",  to  which  case 
the  cbaaad  woaid  be  opea,  saggesttog  a  gatiag  aiecbaabm  for 
catioa  traasport.  Stractaral  detafls  are  preseated  for  oae  cryatd 
form  derived  from  methaaol/watcr  aotadoa:  CggHie^igOu* 
lOHiO,  space  group  P2u  a  -  23.068(6)  k,b  =  9.162(3)  A,  c  s 
26.727(9)  k,  fi-  108.69(2)*  (staadard  deviatioa  of  last  digit  b 
ghrea  to  pareatheaes);  overafl  agreement  factor  X  s  10.1%  for 
5322  observed  reflections  (|FJ  >  3<r(X)];  rcaototioa,  0.93  A. 

Several  acyclic,  a-aminoisobutyric  acid  (Aib)-containing 
polypeptides  of  fungal  origin  (Fig.  1)  form  voltage-gated 
channels  in  phospholipid  bilayer  membranes  (1-6).  The  best 
studied  members  of  this  class  are  alamethicins,  20-residue 
peptides  for  which  a  crystal  structure  has  been  reported  at 
l.S-A  resolution  (3).  ^veral  models  for  alamethicin  ion 
channels  have  been  proposed  (3-6),  based  on  the  helical 
conformation  observed  in  crystals.  The  molecular  packing  in 
alamethicin  crystals,  however,  did  not  directly  provide  a 
model  for  a  membrane-phase  channel  aggregate  (3).  The 
zervamicins  are  a  related  class  of  peptides  isolated  from 
cultures  of  Emericellopsis  salmosynnemata  (7).  These  pep¬ 
tides  are  shorter  (16  residues)  than  alamethicin  and  contain 
several  polar  residues  (Thr,  Gin,  Hyp)  distributed  evenly 
throughwt  the  sequence  (8).  A  preliminary  report  suggests 
that  zervamicins  exhibit  lower  pore-forming  ability  and  en¬ 
hanced  antibacterial  properties  compared  with  alamethicin 
(8).  More  recently,  the  zervamicins  have  been  shown  to  form 
voltage-dependent  multilevel  ion  channels  in  bilayer  mem¬ 
branes  (ref.  9;  M.  S.  P.  Sansom,  personal  communication). 
Although  the  conductive  activity  is  qualitatively  similar  to 
that  of  alamethicin,  the  kinetics  of  switching  between  states 
is  appreciably  faster  for  zervamicins.  The  mqjor  polypeptide 
components  of  zervamicin  (IIA  and  IIB)  contain  a  Trp 
residue  at  position  1.  During  HPLC  fractionation,  a  minor 

The  puUicatioii  costs  of  this  article  were  defrayed  in  part  by  page  charge 
payment.  This  article  must  therefore  be  hereby  marked  “advertisement" 
in  accordance  with  18  U.S.C.  11734  solely  to  indicate  this  foct. 


AlameUiicIn  I  (II)  Ae-Alb-Pro-Alb-Ala-Alb^-AlaUUbl-GIn-Alb-Val- 

Albl0-Cly-Leu-Alb-PVO-Val*5-Aib->Ub-Glu<iln-Phol20 

Antlamoebln  I  (II)  Ac-Phe-Alb-Alb-Aib-D-Iva5-Gly-Uu-Aib-Alb-Hyp>0. 
Gln-D-Iva-Hyp(Prol-Aib-Pra  ‘  ^-Pbol 

Zeivamictn  IIA  (IIB)  Ac-Trp-lle-GIn-Alb(lva)-IIe^-71ir-Alb-Leu-Aib- 
Hyp'  O-Gln-AIb-Hyp-AIb-Pro  ‘  ®-PhoI 

Zervamicin  Z-L  Ac-Leu-De-GIn-lva-Ile^-Thr-Alb-Leu-Aib- 

Hyp  ’  ®-Gln-Alb-Hyp- Alb-Pro  *  ®-Phol 

Fig.  1.  Sequences  of  some  Aib-containing  antibiotics  that  trans¬ 
port  ions  across  membranes.  Phol,  phenylalaninol;  Iva,  isovaiine 
(a-ethylalanine);  Hyp,  4-hydroxyproline. 

component  containing  Leu  at  position  1,  [Leu'Jzervamicin 
(zervamicin  Z-L),  has  been  isolated.  The  component  has 
been  crystallized  and  the  structure  determined  in  four  differ¬ 
ent  crystal  forms  to  resolutions  as  high  as  0.93  A  and  R  =■ 
10.1%  (Table  1).  In  each  of  the  four  different  crystal  forms, 
space  groups  n\  and  /*2i2i2|,  the  peptide  molecules  asso¬ 
ciate  to  form  similar  discontinuous  water  channels,  which 
appear  to  give  further  insights  into  the  nature  of  an  ion 
channel,  a  possible  gating  mechanism,  and  the  dynamics  of  a 
bent  helix  molecule. 

EXPERIMENTAL  PROCEDURES 

[Leu'lZervamicin  was  isolated  from  a  heterogeneous  zer¬ 
vamicin  mixture  by  HPLC  on  a  reverse-phase  Cig  column,  as 
described  (10).  Crystals  were  grown  by  slow  evaporation  of 
methanol/water  solution  or  by  vapor  diffusion  of  water  into 
ethylene  glycol/ethanol  solutions  containing  about  3  mg  of 
peptide  in  0.4  ml  of  solvent.  X-ray  diffraction  data  were 
measured  with  a  four-circle  automated  diffractometer  with 
CuK„  radiation  on  crystals  under  the  conditions  listed  in 
Table  1  for  a  best  set  of  data.  Lowering  the  temperature  for 
some  of  the  crystal  forms  resulted  in  shattering  the  crystal. 
Rapid  scan  speeds,  7-15Vmin,  were  used  in  order  to  collect 
most  of  the  data  before  significant  deterioration  of  the  crystal. 
The  structures  were  solved  by  a  vector-search  procedure  (11) 
contained  in  the  shelx84  package  of  programs  (MicroVAX 
version  of  the  sheltctl  system  of  programs;  Siemens  Instru¬ 
ments,  Madison,  WI).  The  search  model  was  based  on  the 
backbone  atoms  of  the  known  structure  of  a  16-residue  apolar 
analog  of  zervamicin  (12)  and  was  followed  by  a  partial- 
structure  procedure  (13)  by  which  the  atoms  in  the  side  chains 
were  located.  The  detailed  structure  only  of  crystal  A  will  be 
reported  here.  Full-matrix  anisotropic  least-squares  refine- 

Abbreviations;  Aib,  a-aminoisobutyric  acid  (a-methylalanine);  Hyp, 
4-hydroxyproline;  Iva,  isovaline  (a-ethylalanine);  Phol,  phenylalan¬ 
inol. 
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Table  1.  Crystal  parameters  for  Ac-Leu-lle-GIn-iva-lle-Thr-Aib-Leu-Aib-Hyp-Gln-Aib-Hyp-Aib- 
Pro-Phol,  CgsHMoNiiOzi'jtHjO  _ 


Parameter 

Crystal  A** 

Crystal  B* 

Crystal  C 

Crystal  D 

Space  group 

P2i 

P2i 

F2i2i2, 

F2i2,2, 

Cell  dimensions 

a,  A 

23.068(6) 

21.857(4) 

10.337(2) 

10.160(3) 

b,k 

9.162(3) 

9.381(3) 

28.389(7) 

28.252(9) 

c.A 

26.121(9) 

26.744(6) 

39.864(11) 

40.338(9) 

fi,  degrees 

108.69(2) 

105.22(2) 

90 

90 

Growth  solvent 

CHjOH/HiO 

CHjOH/HiO 

HOCHzCHjOH 

t 

No.  of  reflections 

[|Fol  >  3o(F)l 

5322 

2939 

4239 

2251 

Crystal  condition 

-45”C.  dry 

20”C,  dry 

20”C,  in  capillary 

2ffC,  in  capillary 

Volume  per 

asymmetric  unit,  A^ 

2676 

2638 

2924 

2895 

*R  =  SllFj  -  |fcll/2jFol  for  alt  data  with  |fo|  >  i<r(F)  =  10.1%;  resolution,  0.93  A.  Estimated  SDs  for 
backbone:  =■0.023  A  (bonds);  "•1.3°  (angles).  Estimated  SDs  for  side  chains;  “0.03  A  (bonds);  “1.7” 
(angles). 

^Crystals  A  and  B  were  present  in  the  same  crystallizing  vial. 

^Crystal  D  was  obtained  by  soaking  crystal  C  in  aqueous  KCI  (no  in  crystal  D);  approximate 
coordinates  for  the  peptide  ate  known,  but  least-squares  refinement  was  not  completed. 


ment  was  performed  on  the  C,  N,  and  O  atoms  in  the  peptide, 
after  which  H  atoms  were  placed  in  idealized  positions  with 
C-H  distances  of  0.%  A  and  allowed  to  ride  with  the  C  or  N 
atoms  to  which  each  was  bonded  for  the  final  cycles  of 
refinement.  The  thermal  factors  for  the  H  atoms  were  fixed 
at  U,„  =  0.125.  Water  molecules  for  a  total  of  11  sites  (one 
pair  of  sites  is  mutually  exclusive)  were  located  in  a  series  of 
difference  maps  and  added  stepwise  to  the  refinement.  The 
phenyl  group  in  the  Phol  residue  was  constrained  to  be  a 
regular  hexagon  with  C-C  distances  of  1.395  A,  although  the 
position  and  orientation  of  the  hexagon  and  the  isotropic 
thermal  values  for  each  atom  in  the  hexagon  were  subjected 
to  least-squares  refinement.  Finally,  the  amide  moiety  in  the 
Gln^  side  chain,  particularly  the  N'(3)  atom  (in  all  the  crystal 
forms)  was  particularly  mobile;  therefore  the  bond  lengths 
and  bond  angles  in  the  -C(0)NH2  moiety  were  constrained  to 
reasonable  values  while  the  orientation  of  the  amide  group 
and  the  isotropic  thermal  factors  associated  with  the  C*(3), 
0*(3),  and  N‘(3)  atoms  were  allowed  to  vary  in  the  least- 
squares  process.  With  the  above  constraints,  and  not  quite  a 
full  sphere  of  data  to  a  resolution  of  0.93  A  due  to  the  onset 
of  crystal  deterioration,  the  final  R  factor  is  10.1%  for  5322 
data  observed  with  |Fo|  >  3(r(F).  Bond  lengths  and  bond 
angles  (estimated  SD,  approximately  0.02  A  for  bonds  and 
1.2°  for  angles)  do  not  show  significant  or  systematic  differ¬ 
ences  from  expected  values.^ 

RESULTS 

The  Peptide  HeUx.  Both  alamethicin  and  zervamicin  have 
a  high  proportion  of  Aib  residues,  which  are  strong  helix 
formers  (14-16).  Zervamicin  has  polar  moieties  in  residues  3, 
6, 10, 11, 13,  and  16.  As  expected  for  a  helical  structure  with 
polar  residues  spaced  at  each  third  or  fourth  position  (17, 18), 
all  of  these  polar  moieties  are  on  one  side  of  the  zervamicin 
helix  (Fig.  2),  thus  giving  the  helix  an  amphiphilic  character. 
Although  Gin"  would  appear  to  break  the  rule,  the  torsions 
about  the  C“ — and  — C*  bonds  in  Gin"  are  -51°  and 
-55°,  respectively,  which  fold  the  polar  -C(0)NH2  group 
back  from  the  nonpolar  face  to  the  polar  face  of  the  helix.  The 
unusual  conformation  and  the  probable  mobility  of  the  Gin" 

^Supplementary  material  consisting  of  atomic  coordinates  for  C,  N, 
and  O  atoms,  bond  lengths  and  ai^es,  anisotropic  thermal  factors, 
and  coordinates  for  hydrogen  atoms  has  been  deposited  with  the 
Ciambridge  Structural  Data  Base,  University  Chemical  Laboratory, 
LensfieM  Road,  Cambridge  CB2  lEW,  U.K.  Lists  of  observed  and 
calculated  structure  factors  are  available  from  I.L.K.  and  J.L.F.-A. 


side  chain  strongly  suggest  the  location  of  the  gating  mech¬ 
anism  during  ion  transport  (see  below).  Additionally,  the 
polar  face  is  enhanced  by  the  exposed  backbone  carbonyl 
oxygens  in  residues  6,  7,  and  10,  which  do  not  participate  in 
intrahelical  hydrogen  bonds  (Table  2)  due  to  the  presence  of 
Hyp‘°  and  Hyp".  These  carbonyls  are  available  for  hydrogen 
bonding  to  the  neighboring  water  molecules  or  another 
peptide  molecule  or  for  making  transient  ligands  with  cations 
that  are  being  transported. 

Despite  the  presence  of  two  Hyp  residues  and  one  Pro 
residue,  the  backbone  is  entirely  helical.  Torsional  angles  are 
listed  in  Table  3.  An  a-helix  is  formed  from  the  amino 
terminus  through  the  ninth  residue.  A  /3-ribbon  containing 
Hyp“,  Hyp",  and  Pro**  is  twisted  into  a  helix  that  extends 
to  the  cartwxyl  terminus.  The  helix  is  bent  at  H)^*”,  giving 
the  peptide  an  overall  banana  shape.  It  is  interesting  that  the 


Fig.  2.  Conformation  of  (Leu‘]zervamicin  drawn  with  the  coor¬ 
dinates  obtained  from  crystal  A.  The  C*  atoms  are  labeled  1-16.  The 
side  chain  in  Gin"  (filled  circles)  is  not  extended  to  the  hydrophobic 
face  but  folded  backward  to  the  polar  face  of  the  helix. 
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Table  2.  Hydrogen  bonds 


Peptide  helix  Water  structure 


Type 

Donor 

Acceptor 

N  •  •  •  0  or 

0  •  •  •  O,  A 

H  •  •  •  O.* 

A 

0=0  -N 
angle,  degrees 

Donor 

Acceptor 

N-Oor 

O  •  •  •  O.*  A 

Head-to-tail 

N(l) 

0(15)+ 

2.93 

2.04 

122 

W(l) 

0’'(6)» 

2.82 

N(2) 

0(16)+ 

2.96 

2.07 

140 

W(l) 

0(10) 

3.00 

Intramolecular 

N(3) 

0*(3) 

3.07 

2.32 

W(2) 

0(3)+ 

2.91 

5—  1 

N(4) 

0(0) 

2.85 

2.01 

167 

W(2) 

W(l) 

2.82 

N(5) 

0(1) 

3.15 

2.26 

158 

W(3) 

0*(13) 

3.21 

N(6) 

0(2) 

3.25 

2.40 

146 

W(3) 

W(2) 

2.82 

Intramolecular 

0’'(6) 

0(2) 

2.79 

1.97 

W(4A) 

W(3) 

2.50 

5—  1 

N(7) 

0(3) 

2.88 

2.03 

155 

W(4B) 

W(3) 

2.89 

N(8) 

0(4) 

3.36 

2.60 

131 

N'(3)5 

W(4B) 

3.08 

N(9) 

0(5) 

2.98 

2.26 

165 

W(5) 

W(4A) 

2.98 

Intermolecular 

O*(10)* 

0(7) 

2.75 

1.91 

W(5) 

W(6) 

3.08 

N'(11)S 

0(6) 

3.09 

2.22 

W(6) 

0(14) 

2.90 

N'(ll)» 

OMO) 

2.91 

2.06 

W(6)+ 

O'!!) 

2.73 

J9- Ribbon 

N(ll) 

0(8) 

2.88 

2.01 

138 

0(16) 

W(6) 

2.67 

N(12) 

0(9) 

3.15 

2.26 

124 

W(7) 

W(5) 

2.48 

Intermolecular 

0*(13) 

0'(11)5 

2.67 

1.85 

W(8) 

0(11) 

3.00 

0-Ribbon 

N(14) 

0(11) 

3.01 

2.12 

129 

W(8) 

W(9)+ 

2.67 

N(16) 

0(13) 

2.82 

1.99 

129 

W(9) 

(X12)ll 

2.94 

W(9) 

W(8) 

3.13 

W(10) 

0(15) 

3.15 

*The  H  atoms  were  placed  in  idealized  positions  with  the  N-H  distance  equal  to  0.96  A. 

'^Symmetry  equivalents  1  +  x,  y,  1  +  z  to  coordinates  listed  in  supplementary  material  (see  footnote  at  end  of  Experimental  Procedures). 
^Symmetry  equivalents  2  -  x,  -‘A  +  y,  1  -  z. 

^Symmetry  equivalents  2-x,  V^  +  y  l-z. 

^Symmetry  equivalents  x,  1  +  y.  z. 

IlSymmetry  equivalents  x,  -1  +  y,  z. 


conformation  of  the  backbone  r ''  a  completely  apolar  syn¬ 
thetic  analog  of  [Ttp^zervamicin  (12)  is  almost  identical  to 
that  of  the  backbone  in  the  natural  [Leu'lzervamicin.  The 
configuration  of  the  Iva  residue  at  position  4  is  R,  conftrming 
an  earlier  stereochemical  assignment  (8). 

Channel  Formation.  The  peptide  molecules  in  all  four 
polymorphs  have  very  similar  helical  conformations,  intra¬ 
molecular  hydrogen  bonds,  head-to-tail  hydrogen  bonds,  and 


interpeptide  hydrogen  bonds.  The  differences  in  conforma¬ 
tion  are  manifested  mainly  by  the  bend  of  the  helix,  36°  for  A, 
30°  for  B,  and  45°  for  C  (structure  D  is  not  sufficiently  well 
refined  at  this  time  for  us  to  make  a  measurement).  In  all  the 
crystals,  the  polar  faces  associate  in  a  common  antiparallel 
fashion.  Fig.  3  illustrates  this  association  with  a  superposition 
of  the  envelopes  of  the  structures,  showing  the  peptide 
molecules  A,  B,  and  C.  In  the  middle,  the  molecules  in  each 


Table  3.  Torsion  angles*  (degrees) 


Residue 

<f> 

9 

0) 

;r‘ 

Leu* 

-51+ 

-45 

-173 

175 

73.  -169 

lle^ 

-63 

-45 

-178 

164,  -68 

168 

Gin* 

-69 

-40 

-172 

-67 

85 

15,  -139+ 

Iva* 

-57 

-54 

-177 

57 

He* 

-74 

-35 

176 

172,  -66 

180 

Thr* 

-59 

-44 

-176 

-64,  1795 

Aib* 

-59 

-37 

-171 

Leu* 

-91 

-24 

-171 

-74 

-75,  165 

Aib» 

-55 

-39 

-179 

Hyp*® 

-63 

-16 

-177 

-24 

36 

-35 

195 

Gin** 

-89 

-9 

179 

-51 

-54 

-44,  I35II 

Aib** 

-51 

-37 

-177 

Hyp** 

-77 

-6 

-168 

-21 

34 

-33 

20** 

Aib** 

-53 

-44 

-178 

Pro** 

-80 

-13 

-170 

-10 

24 

-29 

22++ 

Phol*‘ 

-115 

+72+4 

-69 

-75,  101 

The  torsion  angles  for  rotation  about  the  bonds  of  the  peptide  backbone  (^,  i^,  and  a>)  and  about  bonds  of  the  amino  acid 
side  chains  (V)  are  described  in  ref.  19. 

*Estimated  SDs,  “1.5°. 
tC'(0),N(l).C“(l),C'(l). 

*C^(3),C’'(3),C*(3),0'(3),  +15°:C^(3).Cn3),C*(3),N'(3),  -139°. 

«N(6),C“(6),C^(6),0’'(6),  -64°;  N(6),C°'(6),C^(6),  CW.  179°. 

3C*(10),N(10),C“(10),C^(10),  3°;  C“(10),CM0),C’'(10),O*(10).  -81°. 

IIC^ll),Ci'(ll),C*(ll),0*(ll).  -44°;  C^(11),C’'(11),C»(11),  N»(ll),  135°. 

••C*(13),N(13),C"(13).CP(13).  1°;  C'(13),CM3),C’’(13),0*(13),  -83°. 

7tC*(15),N(15),C°'(15).CM5).  -8°. 

«N(16),C»(16),C(16)(CH20H),0(16KCH20H). 
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Fig.  3.  Schematic  diagram  showing  a  superposition  of  the  enve¬ 
lopes  of  (Leu‘]zervamicin  helices  in  crystal  A  (solid  line),  crystal  B 
(dotted  line),  and  crystal  C  (dashed  line).  The  polar  face  of  the  helices 
associates  in  an  antiparallel  fashion  and  forms  a  discontinuous  water 
channel  that  contains  a  different  number  of  water  molecules  in  each 
crystal  form.  The  channel  is  closed  in  the  middle  by  inre/peptide 
hydrogen  bonds  involving  backbone  carbonyls  0(6)  and  0(7)  and 
side  chain  moieties  (^(Hyp*'*)  and  N‘(Gln").  The  size  of  the  mouth 
of  the  channel  is  determined  by  the  movement  of  0(Phol'*)  and 
N'(Gln’)  in  adjacent  peptide  molecules. 

crystal  are  held  together  with  inrerpeptide  hydrogen  bonds 
0(Thr*)  •  •  •  N*(Gln"),  N*(Gln“)  •  •  •  0*(Hyp‘®),  and 
C)*(Hyp*®)  •  •  •  OfAib^).  The  banana-shaped  molecules  spread 
apart  from  each  other  at  either  end  by  differing  amounts, 
related  to  the  bend  in  each  helix.  The  resulting  cavities  are 
filled  with  varying  amounts  of  water  depending  upon  the  size 
of  the  cavity.  For  crystal  A  there  are  eight  water  sites  (one 
disordered)  at  each  end.  These  are  shown  in  detail  in  Fig.  4, 
along  with  the  hydrogen  bonding  between  water  molecules 
and  between  peptide  and  water  molecules. 

The  mouth  of  the  water  cavity  is  constricted  or  expanded 
depending  upon  the  bend  in  the  helix.  The  0<PhoF‘)  ■  ■  ■ 
N'(Gln^)  separation  is  3.7  A  in  crystal  B,  6.8  A  in  crystal  A, 
and  >8  A  in  crystal  C.  Elespite  the  flexibility  of  the  peptide, 
atom  0(Phol‘^)  is  relatively  rigid  since  it  participates  in  head- 
to-tail  hydrogen  bonding.  The  -C(0)NH2  end  of  Gln^,  how¬ 
ever,  is  quite  mobile  and  N‘(3)  makes  hydrogen  bonds  mainly 
to  disordered  or  transient  water  sites.  The  carbonyl  0(3) 
makes  an  infrahelical  hydrogen  bond  to  the  backbone  N(3) 
moiety  of  the  same  residue  in  crystal  A  but  not  in  crystal  B. 

Gatiiig.  A  continuous  water  channel  is  not  formed  between 
the  polar  surfaces  of  adjacent  peptide  molecules.  A  view  of 
the  middle  segments  of  adjacent  molecules,  where  interpep¬ 
tide  hydrogen  bonding  takes  place  and  closes  the  channel,  is 
shown  in  Fig.  3.  The  view  is  perpendicular  to  that  in  Figs.  3 
and  4  and  is  directed  into  the  helices.  Three  molecules  appear 
to  define  the  closed  channel.  The  side  chain  of  Gin"  is  not 


The  two  peptide  molecules  are  related  by  a  twofold  screw  axis.  The 
atoms  in  the  side  chain  of  Gin"  are  marked  with  stripes.  Hydrogen 
bonds  are  indicated  by  dashed  lines. 

extended  as  Gln^  of  alamethicin  (3)  but  is  folded  backward  to 
form  a  hydrogen  bond  with  0*(Hyp‘®).  The  Hyp  residue  is 
quite  rigid.  It  is  conceivable  that  under  the  application  of  a 
potential,  the  Gin"  side  chain  can  open  the  channel  by 


Fig.  S.  a  possible  gating  mechanism  by  Gin"  and  Thr*  in 
channels  formed  by  [Leu’Jzervamicin.  The  view  of  the  closed 
channel  is  perpendicular  to  the  orientation  in  Figs.  3  and  4.  Only  the 
middle  residues  of  three  adjacent  peptide  molecules  are  shown.  The 
water  molecule  closest  to  the  closed  portion  of  the  channel  is  W(l) 
(checkered).  The  carbonyl  oxygen  in  Aib^  and  the  hydroxyl  in  Hyp*** 
(striped)  are  relatively  rigid  moieties  and  may  define  a  bwndary  of 
a  hypothetical  open  channel. 
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rotating  into  the  adjacent  space  at  the  right  (Fig.  5).  If  a 
column  of  water  is  pushed  through  the  channel  in  a  single  file 
by  a  cation  (20),  it  may  also  be  possible  that  the  side  chain  in 
Thr*  can  rotate  about  the  C“ — bond  to  further  enlarge  the 
channel.  As  shown  in  Fig.  4,  there  are  many  carbonyl, 
hydroxyl,  and  amino  moieties  along  the  channel  to  provide 
ligands  for  a  cation  that  is  being  transported. 

Nonpolar  Face  of  Helix.  Helical  peptides  forming  a  channel 
across  a  membrane  would  have  their  nonpolar  side  facing  the 
membrane.  The  molecular  recognition  and  aggregation  of 
apolar  helical  peptides  are  not  particularly  selective.  Such 
helical  peptides  have  been  found  to  crystallize  with  the  helix 
axes  either  in  an  all-parallel  motif  or  in  an  antiparallel  motif. 
Even  peptides  with  the  same  sequence  have  either  all-parallel 
or  antiparallel  aggregation  in  different  crystal  forms  (21, 22). 
Similarly  in  [LeuMzervamicin,  in  crystals  A  and  B  (space 
group  /^i),  the  nonpolar  face  of  the  helix  associates  in  an 
antiparallel  fashion,  while  in  crystals  C  and  D  (space  group 
F2i2i2i),  the  nonpolar  face  associates  in  a  parallel  fashion. 
The  inference  can  be  drawn  that  the  nonpolar  face  is  also 
fairly  insensitive  to  the  helix  axis  direction  with  respect  to  the 
membrane. 

DISCUSSION 

(LeuMzervamicin  is  a  bent  helical  molecule,  29  A  long,  with 
all  the  polar  side  chains  on  the  convex  side  and  the  nonpolar 
side  chains  on  the  concave  side.  Alamethicin  (3),  also  a  bent 
helix,  has  a  much  smaller  degree  of  bending  and  has  fewer 
polar  moieties  on  the  convex  face  (Fig.  1).  The  helix  in  both 
peptides  is  flexible  as  shown  by  different  amounts  of  bending 
in  the  three  conformers  in  the  same  crystal  of  alamethicin  and 
the  four  conformers  in  four  different  polymorphs  of  [Leu']- 
zervamicin.  Although  complex  irregular  water  channels  were 
observed  in  the  alamethicin  crystals,  the  polar  residues  are 
not  directed  toward  the  center  of  the  channel  as  might  be 
expected  for  a  membrane  ion  channel  (3).  In  each  of  the  four 
crystal  forms  of  [Leu‘]zervamicin,  the  polar  faces  of  adjacent 
peptide  molecules  form  the  boundary  of  a  water  channel. 

The  molecular  recognition  of  the  nonpolar  side  of 
[Leu'jzervamicin  is  not  very  specific.  Either  parallel  or 
antiparallel  association  takes  place  in  the  different  crystal 
forms.  In  contrast,  the  polar  face  is  very  specific  in  forming 
an  antiparallel  association  with  an  adjacent  molecule  and  a 
hydrogen  bond  between  Hyp*®  and  Gin**,  among  others.  The 
Hyp*®  •  •  •  Gin**  hydrogen  bond  interrupts  the  water  channel. 
The  remarkable  observation  is  that  the  Gin**  side  chain  has 
to  reverse  its  direction,  in  a  swinging-arm  fashion,  to  ap¬ 
proach  the  Hyp*®  of  an  adjacent,  antiparallel  peptide.  It  may 
be  indicative  of  the  gating  mechanism  in  ion  transport  under 
the  application  of  a  potential.  The  size  of  the  water  channel 
near  its  interruption  is  restricted  to  one  water  molecule  or  one 
cation.  The  implications  from  the  crystal  structure  analyses 
are  that  the  water  channel  is  not  an  open  channel — i.e.,  that 
there  is  no  passive  diffusion  of  cations.  This  point  has  been 
emphasized  further  by  soaking  crystals  in  KCI  solution  for 
various  times  at  various  concentrations.  Short  of  the  crystal 
cracking  and  disintegrating,  the  soaking  produced  crystals 
with  somewhat  different  cell  parameters,  but  with  no 
penetration. 

Time-resolved  fluorescence  anisotropy  measurements  on 
helical  bilayer-spanning  21-residuc  peptides  have  shown  that 
the  amplitude  of  fast  fluctuations  are  largest  at  the  helix  ends 
and  decrease  toward  the  center  of  the  helix  (23).  The  four 
crystal  structures  show  an  expansion  or  constriction  of  the 


mouth  of  the  channel,  0(16)  ■  ■  ■  Gin*,  that  varies  from  3.7  A 
to  >8.0  A.  The  cation  may  be  trapped  in  the  channel  by 
constriction  of  the  mouth  (24). 

One  of  the  interesting  implications  of  the  crystal  structure 
of  [Leu*]zervamicin  is  the  role  played  by  the  mobility  of  the 
long  side  chain  of  Gin  residues:  the  demonstrated  mobility  of 
Gin*  in  controlling  the  size  of  the  mouth  of  the  water  channel, 
and  the  implied  mobility  of  Gin**  (by  its  unusual  conforma¬ 
tion)  in  probable  participation  in  the  gating  mechanism.  For 
proteins,  the  role  of  Gin  residues  has  been  characterized  as 
relatively  indifferent  and  has  no  extreme  properties  or  violent 
preferences  (25).  Perhaps  one  of  the  distinctive  functions  of 
this  residue  is  in  the  regulation  of  ion-transport  peptides. 
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Dr,  Isabella  Karle,  today,  working  on  a  crystal 
structure  analyses  project  in  her  laboratory  at 
NRL.  Dr.  Isabella  Karle  came  to  NRL  in  1946 
from  the  University  of  Michigan  with  her  hus¬ 
band  Dr.  Jerome  Karle;  where  she  was  teach¬ 
ing  freshman  chemistry  to  engineering  students. 


t 


Dr.  Isabella  Karle  about  1948  at  the  electron  diffraction 
apparatus.  Soon  after  coming  to  NRL,  Jerome  Karle 
designed  the  large  and  complicated  apparatus  which 
Isabella  assembled,  aligned  and  fine-tuned  and  used 
for  experimentation  that  determined  three-dimensional 
structure  and  vibrational  motion  in  gaseous  molecules. 


Dr.  Karle  in  1964,  the  year  she  received  the  Navy 
Superior  Civilian  Service  Award  for  outstand¬ 
ing  achievements  in  molecular  spectroscopy. 
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In  1980.  RADM  Baciocco.  Chief  of  Naval  Research,  pre-  Dr.  Fred  Saalfeld.  Director  of  the  Office  of  Naval  Re¬ 
sented  Dr  Karle  the  Robert  Dexter  Conrad  Award,  the  search,  presenting  the  Secretary  of  the  Navy  Distin- 
highest  honor  for  scientific  achievement  in  the  Navy.  guished  Achievement  in  Science  Award  in  1987  to  Dr, 


Karle 
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Dr.  Karle  (right)  when  she  received  the  degree  of  Doc¬ 
tor  of  Humane  Letters.  Georgetown  University,  in  1984. 


Dr.  Isabella  and  Dr.  Jerome  Karle  have  collaborated  on 
many  projects  during  their  47  years  at  NRL.  It  was  Dr 
Isabella  Karle  who  bridged  the  gap  between  the  theory 
and  experiment  by  translating  mathematical  results  into 
practical  procedures  for  determining  the  three  dimen¬ 
sional  structure  of  molecules. 
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The  Bower  Award 
of 

The  Franklin  Institute 

The  Franklin  Institute  Of  Philadelphia  was  founded  in  1824  to  promote 
scientific  inquiry  and  to  recognize  scientific  achievement.  The  Institute’s  Com¬ 
mittee  on  Science  and  the  Arts  was  founded  in  1834  and  serves  as  the  Institute’s 
science  selection  committee. 

Through  the  careful  work  of  this  committee  of  scientists  and  engineers,  the 
Franklin  Institute  was  among  the  first  to  recognize  the  outstanding  contribu¬ 
tions  of  such  individuals  as  Marie  Curie  and  Albert  Einstein.  The  Bower  Award 
and  Prize  in  Science  was  made  possible  by  a  $7.5  million  bequest  to  the  Franklin 
Institute  by  Henry  Bower  (1896-1988),  a  Philadelphia  chemical  manufacturer. 
The  award,  which  consists  of  a  gold  medal  and  $250,000,  is  presented  annually 
to  a  distinguished  scientist  of  the  world  for  outstanding  work  in  the  life  or 
physical  sciences.  There  is  a  rigorous  process  of  nomination  and  review,  involving 
national  and  international  boards  of  advisors.  The  selection  mission  for  this 
world-wide  award  is  to  find  a  person  who  reflects  the  scientific  and  humanitarian 
genius  of  Benjamin  Franklin. 

Aside  from  the  Bower  Award  for  Science,  the  Franklin  Institute  gives  annu¬ 
ally  a  Bower  Award  for  Business,  and  16  different  medal  awards. 


